Metal-induced sulfate adsorption by soils by Ajwa, Husein Ahmad
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1993
Metal-induced sulfate adsorption by soils
Husein Ahmad Ajwa
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, and the Agronomy and Crop
Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Ajwa, Husein Ahmad, "Metal-induced sulfate adsorption by soils " (1993). Retrospective Theses and Dissertations. 10791.
https://lib.dr.iastate.edu/rtd/10791
INFORMATION TO USERS 
This manuscript has been reproduced from the microfîhn master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9413951 
Metal-induced sulfate adsorption by soils 
Ajwa, Htisein Ahmad, Ph.D. 
Iowa State University, 1993 
U M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 

Metal-induced sulfate adsorption by soils 
by 
Husein Ahmad Ajwa 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Agronomy 
Major: Soil Science (Soil Chemistry) 
Approved: 
I rge of Major Work 
For the Major Department 
For the Gradi^te College 
Iowa State University 
Ames, Iowa 
1993 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
LITERATURE REVIEW 5 
Inorganic Forms of Sulfur 8 
Determination of Sulfate in Soils 11 
Sulfate Adsorption 13 
Factors Affecting Sulfate Adsorption by Soils 18 
Effect of equilibration time and temperature 18 
Effect of pH and background electrolyte 20 
Effect of hydrous A1 and Fe oxides and 
clay minerals 26 
Effect of organic matter 32 
Effect of competing anions 34 
Effect of metal ions 36 
Adsorption Models 41 
MATERIALS AND METHODS 50 
Soils 50 
Analytical Methods 50 
PART I. COMPARISON OF SOME METHODS FOR 
DETERMINATION OF SULFATE IN SOILS 57 
INTRODUCTION 58 
DESCRIPTION OF METHODS 61 
Soils 61 
iii 
Sulfate Extraction 61 
Analytical Methods 61 
Methylene blue (MB) method 62 
Ion chromatographic (IC) method 62 
Turbidimetric (TD) method 63 
Indirect atomic absorption spectrophotometric (SP) method 63 
Recovery of Metal Sulfates 64 
RESULTS AND DISCUSSION 66 
Recovery of Sulfate by Methods Evaluated 66 
Estimation of Sulfate in Soils 68 
Accuracy and Precision 75 
PART II. EFFECT OF pH ON SULFATE ADSORPTION 
BY SOILS 77 
INTRODUCTION 78 
DESCRIPTION OF METHODS 82 
Soils 82 
Reagents 82 
Stock solutions 82 
Working solutions 83 
Procedures 83 
Adjustment of the pH of the soil-solution mixture 83 
Determination of PZC and specific surface area 83 
Determination of sulfate adsorption envelopes 84 
iv 
RESULTS AND DISCUSSION 86 
Surface Charges 86 
Sulfate Adsorption 89 
Adsorption of Metal and Ammonium Ions 102 
Sulfate / Metal Adsorption Ratio 113 
Distribution Coefficients 122 
PART III. THE ROLE OF VALENCE OF SULFATE 
COUNTER-ION IN SULFATE ADSORPTION 
BY SOILS 152 
INTRODUCTION 153 
DESCRIPTION OF METHODS 156 
Soils 156 
Reagents 156 
Stock solutions 156 
Working solutions 157 
Procedures 157 
Determination of adsorption isotherms 157 
RESULTS AND DISCUSSION 159 
Sulfate Adsorption 159 
Metal Adsorption 172 
Sulfate / Metal Adsorption Ratio 178 
V 
Application of models to sulfate 
and metal adsorption 198 
Comparison of sulfate adsorption models 257 
SUMMARY AND CONCLUSIONS 280 
LITERATURE CITED 290 
ACKNOWLEDGMENTS 310 
APPENDIX 311 
1 
INTRODUCTION 
Sulfiir (S) is the fourth essential element for plant growth and 
development. Sulfur occurs in soil in organic and inorganic forms, with organic 
S accounting for more than 95 percent of the total S in most soils from humid 
and semihumid regions (Tabatabai, 1982). Organic S in soils generally becomes 
available to plants through mineralization to sulfate (SO^^ ). In addition to 
mineralization of organic S, abundant amounts of various forms of S are being 
added to soils as amendments (Bohn et al., 1986). They are usually SO^^^' 
compounds or are in forms that will oxidize to 80^^' when added to soils. 
The total S content of soils varies widely. It ranges from less than 2 mg 
kg"^ in some soils of the humid and semihumid regions to over 50000 mg kg'^ 
soil in calcareous and saline soils of arid and semiarid regions (Stevenson, 1986; 
Tabatabai, 1987). Total S in agricultural soils of humid and semihumid regions 
is estimated to range from 100 to 500 mg kg'^ soil. 
Among the various forms of S, SO/' is the most active in soil systems. It 
is present in soils as salts of various metals, and the different metals associated 
with SO/" may significantly affect its surface reactions and mobility in soils. 
Sulfate adsorption by soils is affected by pH through its effects on surface 
charge characteristics, and the most important parameter to describe a surface 
charge is the point of zero charge (PZC). Below the PZC, the surface is 
positively charged, and the positive charges increase with decreasing pS. 
Above the PZC, the surface is negatively charged, and the negative charges 
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increase with increasing pH. Although recent studies have provided some 
understanding of the effect of soil properties (such as the solution pH, hydrous 
Fe and A1 oxides, 80^^' concentration and other anions, clay type and content, 
and metal ions) on SO^^' adsorption, much is still unknown on the chemistry 
and behavior of adsorption in soils. In addition, until recently, there have 
been little information on the effect of ionic strength on the adsorption of SO^^'. 
Recent studies have shown that ionic strength affects adsorption reactions in 
soil through its effect on ion activities and equilibrium reactions or through its 
effect on the distribution potential of the negative or positive surfaces. Very 
little is known, however, on the effect of the concentration of the electrolyte and 
on the effect of the type and valence of metal ions, SO/' counter-ion, at various 
equilibrium solution pH, on SO/" adsorption by soils. 
Although some studies postulated that adsorption of SO/' is nonspecific 
(Marsh et al., 1987; Mott, 1981), other studies considered SO/' to be specifically 
adsorbed to the oxides surfaces and, therefore, altering the PZC (Parfitt and 
Smart, 1978; Raj an, 1978). The increase in SO/" adsorption upon increasing 
the concentration of a metal ion (e.g., Ca'^*) has been explained by one or more 
of the following mechanisms: (1) specific adsorption of a multivalent counter-ion 
(metal) by hydrous oxides which increases the positive charges on the surfaces 
and, therefore, increases the adsorption of anions; (2) surface complexation 
reactions by which a di-valent metal (e.g., Ca^*) coordinates to two adsorbed 
anion groups (i.e., SO/"), thus reducing the repulsive forces between the anion 
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groups that enhance further adsorption; (3) precipitation reactions with high 
cation concentration at pH values > 7; and (4) formation of CaSO/ ion-pair that 
adsorbs to mineral surfaces. The formation of ion-pair is enhanced by 
increasing the concentration of the counter-ion (e.g., Ca^*), which increases the 
adsorption of the anion (e.g., 
Conflicting reports are found in the literature on the mechanisms by 
which S04^' is adsorbed by soils and separate soil components. Although the 
effect of metal ions on 80/' adsorption should have profound effects on 80^^' 
adsorption and mobility in soils, little information is available on this subject. 
Further experimental investigations that include the use of metal ions of 
various charges (mono-, di-, and tri-valent metals) added at different 
concentrations would contribute towards a better understanding of the 
chemistry and behavior of 80^^' adsorption by soils. 
Several approaches can be followed in order to compare quantitative 
differences in 80^^' adsorption by soils in the presence of different counter-ions 
(metals). One approach is to equilibrate the soil with 80/ solutions containing 
various metals at a constant temperature and compare the results as 
adsorption isotherms. A second approach is to use adsorption models available 
to describe the adsorption isotherm data and use the model that best fits the 
data. The third approach is to compare the parameters calculated from these 
models. But, before any of the approaches can be used, it is essential that the 
method used for determination of 80/' give accurate and precise results. This 
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is essential because many of the methods used for determination of SO^^' are 
affected by metal ions. Therefore, the objectives of this study were: (1) to 
evaluate some methods for determination of SO^^' associated with various 
metals and of extracted from soils; (2) to assess the effect of pH, ionic 
strength, and the composition of the equilibrium solution on 80^^' adsorption; 
(3) to assess the role of metal adsorption in adsorption by soils; and (4) to 
assess the effect of valence of the counter-ions on SO^^' adsorption by soils. 
For convenience, the results obtained are presented in three parts. The results 
obtained under objective (1) are presented in Part I, those under objective (2) 
are presented in Part II, and those under objectives (3) and (4) are presented in 
Part III. 
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LITERATURE REVIEW 
Sulfur (S) is the thirteenth most abundant element on earth's crust and 
is the fourth essential element for plant growth and development. Sulfur is a 
constituent of the amino acids cysteine, cystine, and methionine, and is a part 
of several vitamins and hormones. It is believed that the principal origin 
source of S in soils is the pyrite (FeSg) of igneous rocks. Upon weathering, S in 
pyrite undergoes oxidation to the SO^^' form, which in turn, can be assimilated 
by plants and microorganisms and incorporated into the soil organic matter 
(Stevenson, 1986). 
The total S content of soils varies widely. It ranges from less than 2 mg 
kg'^ soils in the humid and semihumid cultivated land to more than 50000 mg 
kg'^ soil in calcareous and saline soils of arid and semiarid regions (Stevenson, 
1986; Tabatabai, 1987). The normal range of S in agricultural soils of humid 
and semihumid regions, however, is estimated to be from 100 to 500 mg kg'^ 
soil (equivalent to 224 to 1120 kg ha'^ within the plow layer). 
Sulfur occurs in soil in organic and inorganic forms, with organic S 
accounting for more than 95 percent of the total S in most noncalcereous soils 
from humid and semihumid regions. Three major fractions of organic S have 
been identified based on their extractability by chemical reagents (Tabatabai, 
1982). One group is organic S that is reduced to HgS by HI. This S is not 
bonded directly to C (C-O-S linkage) and is believed to be largely in the form of 
ester sulfates such as phenolic sulfates, sulfated polysaccharides, choline 
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sulfates, and sulfated lipids (Freney, 1961; Freney and Stevenson, 1966; 
Tabatabai, 1982; Tabatabai and Bremner, 1972). The second group is organic S 
that is reduced to inorganic sulfide by Raney Ni and that seems to consist 
almost entirely of S in the form of amino acids such as cysteine and methionine. 
The third group is organic S that is not reduced by either HI or Raney Ni. This 
fraction is assumed to consist of S bonded directly to C but not recovered by 
current methods used for estimation of C-bonded S (Freney, 1961, 1967; Lowe 
and DeLong, 1963; Tabatabai, 1982). 
The amounts of organic S and inorganic S in a soil sample vary widely 
depending on the nature of the soil and depth in the profile. Organic S in soils 
generally becomes available to plants through mineralization of organic S. The 
nature and properties of the organic S firaction in soils greatly affect the release 
of plant available S. Because S is simultaneously incorporated and released 
from organic matter (Freney et al., 1975), it is difficult to ascertain the relative 
contribution of from the two fractions of organic S. However, the HI-
reducible fraction of organic S (24-47% of the total S) is believed to be the most 
labile form (Bettany et al., 1980; Freney, 1961; Freney and Swaby, 1975; 
McLaren and Swift, 1977) and thus, plays a major role in the short-term 
mineralization of organic S. This fraction is believed to be contained in the 
fulvic fraction of soil organic matter. The C-bonded fraction of organic S (about 
50%) is believed to be more stable (Bettany et. al., 1973, 1980) because it is 
associated with more resistant materials of organic compounds such as humic 
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acids. 
Sulfur mineralization has been hypothesized to be regulated by C-bonded 
S and ester sulfate mineralization (David et al., 1983; McGill and Cole, 1981). 
Carbon-bonded S mineralization is the result of energy demands by 
microorganisms and the subsequent release of inorganic S during oxidation of 
carbon, while ester sulfate mineralization is regulated by energy demands of 
microbes and microbial nutritional needs for S. Maynard et al. (1983) showed 
that immobilization-mineralization processes in grassland soils occurred 
simultaneously. They also emphasized that 80^^ adsorption-desorption must 
be considered in mineralization studies, especially when soils contain high 
amounts of sesquioxides. 
In recent years, there has been an increase in S deficiency in soils for 
several reasons (Coleman, 1966; Haque and Walmsly, 1974b): (1) the increased 
use of fertilizers that are low in S; (2) the lower amount of sulfur dioxide (SOg) 
emissions from powerplants and industries; (3) the decreased use of S 
containing fungicides and pesticides; (4) the higher crop yields and thus, the 
greater demand for all nutrients; (5) decreased levels of organic matter due to 
less use of organic manures; and (6) cropping on poor soils where S can be a 
limiting factor for plant growth. The plant availability of SO/' in soils is 
controlled by the factors that affect the adsorption capacity of the soils (such as 
SO/" concentration, solution pH, hydrous Fe and A1 oxides, type and amount of 
clay minerals, and competing anions), soil texture, rainfall, drainage 
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characteristics, and the mineralization-immobilization relationships (Stevenson, 
1986; Tabatabai, 1987). Because of the subject matter covered in this 
dissertation, the literature review will be devoted to the sulfate forms in soils. 
Inorganic Forms of Sulfur 
The S atom ranges in the oxidation state from +6 as in SO^^' to -2 as in 
hydrogen sulfide (HgS). Among the many inorganic S intermediates, sulfite 
(SOg^*), thiosulfate (SgOg^ ), polythionates (S„OQ'), and elemental S (S°) may form 
in soils. However, under normal, aerobic field conditions, these compounds are 
short-lived and are readily oxidized to SO^^^'. Therefore, the major inorganic S 
species under aerobic field conditions is SO/' (Tabatabai, 1982). 
The cations that are associated with SO^'^' can be predicted by the 
"Principle of hard and soft acids and bases" (Bohn et al., 1986). Sulfate is a 
hard Lewis base that tends to react rapidly with hard Lewis acids (the alkali 
metals, alkali earths, H*, Al^*, Fe^*, Ti^*, Si^*, and most metals of the A 
subgroup of the periodic table). Lewis bases are anions having one or more 
pairs of electrons that are not already shared in covalent bonds. They are 
highly electronegative, weakly polarizable, and hard to oxidize. Lewis acids 
have vacant orbits that accommodate a pair of electrons in a covalent bond and 
are weakly electronegative with weak polarizability (Bohn et al., 1986). 
Inorganic SO^^' may occur in soils as water-soluble salts, may be 
adsorbed by soil colloids, or may occur as insoluble forms (Tabatabai, 1982). 
Because of dispersion difficulties associated with aqueous extractions, neutral 
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salt solutions such as 0.15% CaClg or 0.1 M LiCl have been recommended for 
the extraction of the water-soluble fraction. The adsorbed SO^^' fraction can be 
extracted from soils by a variety of extractants. These include Ca(H2P04)2 (Fox 
et al., 1964), KHgPO^ (Ensminger, 1954), Ca(0H)2 and CaCOg suspensions 
(Williams and Steinberg, 1962), NaHCOg (Kilmer and Nearpass, 1960), neutral 
1 N NH4OAC (McClung et al., 1959), acid NH^OAc (Bardsley and Lancaster, 
1960; Sanford and Lancaster, 1962), and Morgan's solution (Chesnin and Yien, 
1950). Fox et al. (1964) found Ca(H2P04)2 to be preferable to KH2PO4 because, 
while it gave values similar to KH2PO4, it also produced extracts essentially 
free of colloidal material which is often a problem with KH2PO4. The use of 
phosphate solutions may give low values when used on soils containing gypsum 
because gypsum particles may become coated with Ca(H2P04)2, which inhibits 
their dissolution (Spencer and Freney, 1960). 
Two general approaches have been followed for estimating the amount of 
adsorbed S04^ in soils. The first approach involves the use of isotope exchange 
techniques where adsorbed SO^'^' is in kinetic equilibrium with solution 804^^'. 
This approach has been used by Chao et al. (1962a) and Hasan et al. (1970) to 
study S04^' desorption from soils. This approach, however, may overestimate 
the amount of adsorbed 804^" because the isotopically labeled S04^' may also 
exchange with S in soil organic matter (Freney et al., 1971). In the second 
approach, adsorbed S04^' is displaced from soil by shaking with an appropriate 
extractant. 
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In addition to the soluble and adsorbed fraction, several forms of 
insoluble may occur in soils. Gypsum (CaS04.2H20) is by far the 
dominant form of Ca sulfate in soils, especially in calcareous soils. It is 
common in arid soils, but occasionally occurs in soils of humid regions. Under 
extremely dry conditions, bassanite (CaSO^.O.SHgO) and anhydrite (CaSO^) may 
form in soils (Doner and Lynn, 1989). Thenardite (Na^SO^) has been identified 
in salt-rich horizons (Timpson et al., 1986; Whittig et al, 1982). Other SO/' 
minerals which were identified in salt crusts include the following: mirabilite 
(NagSO^.lOHgO), bloedite (Na2Mg(S04)2.4H20), epsomite (MgSO^.THgO), and 
hexahydrite (MgSO^.GHgO) (Driessen and Schoorl, 1973; Timpson et al., 1986; 
Whittig et al., 1982). 
Barite (BaSOJ has been found in a variety of soils (Crum and 
Franzmeier, 1980; Lynn et al., 1971) and celestite (SrSO^) was identified in 
some arid soils (Abtahi et al., 1980). Also, 80^^' may precipitate with calcium 
carbonates (CaCOg) or as basic Fe and A1 sulfates such as jarosite 
[KFe3(0H)g(804)2], coquinbite [Fe(S04))3.5H20], rozenite (FeSO^.iHgO), basic A1 
sulfate [AKOIDSOJ, basalunite [Al4(OH)ioS04.5H20], and alunite 
[10^3(011)6(804)2] (Adams and Rawajfih, 1977; Carson and Dixon, 1983; Clark 
et al., 1961; Evans, 1990; Fleming and Alexander, 1961; Hue et al., 1985; 
Khanna et al., 1987; Nordstrom, 1982; Tsai and Hsu, 1984; Wagner et al., 1982; 
Wolt, 1981). In addition, other Na-rich Fe or A1 sulfates such as natrojarosite 
[NaFe3(0H)g(804)2] (Pawluk and Dudas, 1978) and natroalunite 
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[NaAl3(0H)g(804)2] (Chitale and Guven, 1987) may form in some soils. 
Determination of Sulfate in Soils 
A number of methods have been proposed for determination of SO^^' in 
soils. These include gravimetric, turbidimetric and nephelometric, titrimetric, 
colorimetric, and ion chromatographic methods. A review of these methods and 
other methods used for determination of SO^^^' was presented by Tabatabai 
(1982). Each of these methods has advantages and limitations, especially when 
used for determination of SO^^' in soil extracts. Metal ions present in soil 
extracts may interfere with SO^^' determination by forming insoluble SO^^' 
compounds. Sulfate may also coprecipitate with CaCOg, Fe, and A1 compounds. 
In studies involving SO^^' adsorption by soils, the effect of metal ions on 
SO^^' measurement by a specific method is usually ignored. Among the 
methods available, the reduction of SO/' to HgS and colorimetric determination 
as methylene blue has proven the most accurate and sensitive method available 
for quantifying microgram amounts of SO^^' in soil extracts (Johnson and 
Nishita, 1952). The methylene blue method, however, is not specific for SO^^' 
and requires analytical skills in handling the apparatus used for the reduction 
of 80/ to HgS for subsequent methylene blue color development. 
The ion chromatographic method was evaluated by Dick and Tabatabai 
(1979) for determination of SO/" in various soil extracts. Their results showed 
that extractable 80/ in a variety of soils agreed closely with those obtained by 
the methylene blue method. This method has a high sensitivity, precision, and 
sensitivity, precision, and accuracy for the analysis of and can detect as 
little as 0.2 mg kg'^ against a background of 10 mM CI" or PO^^. However, this 
method requires a relatively high initial cost. In addition, the solution injected 
for analysis must be low in organic materials and soluble salts. 
Turbidimetric (Tabatabai, 1974; Verma et al., 1977) and spectrophoto-
metric (Flynn, 1977; Forbes, 1973; Hue and Adams, 1979) methods are also 
available for determination of but they are subject to many interferences 
and limitations when used for determination of SO/' in soil extracts. The 
turbidimetric method is based on Beer's Law where the intensity of light is 
reduced when light passes through a solution containing suspended particles of 
BaSO^. Being finely divided, the BaSO^ remains suspended in the solution and 
its effect on light transmission through the solution is measured by a 
colorimeter, a turbidemeter, or a spectrophotometer. Generally, this method is 
rapid and simple, but accurate determination of 80^^' by such methods requires 
formation of a uniform, finely distributed solid-phase BaSO^ in the dispersing 
solution. In addition, aggregation of colloidal BaSO^ and coprecipitation of ions 
should be absent. 
The indirect atomic absorption spectrophotometric method involves the 
addition of BaClg to an aliquot of the soil extract to precipitate as BaSO^. 
The Ba remaining in solution is then determined by atomic absorption spectro­
photometry. The amount of in the soil extract is calculated from the 
amount of Ba precipitated. This method has been reported to give reproducible 
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results (Hue and Adams, 1979). However, all methods involving Ba are subject 
to interference by a number of ions and organic colloids (Beaton et al., 1968). 
Sulfate Adsorption 
The capacity of a soil to adsorb SO^^' could be vital for plant growth and 
development because adsorption reduces the rate of 80^^' movement in soils, 
and hence, its loss by leaching (Barrow, 1967; Bolan et al, 1988; Chao et al, 
1962a; Tabatabai, 1987). In addition, acid soils that have high SO/' adsorption 
capacities are more resistant to cation leaching than those that have low 80^^' 
adsorption capacities (Huete and McColl, 1984; Johnson and Cole, 1977b; Lee 
and Weber, 1982). 
In general, anion adsorption in soils is often categorized into two 
mechanisms: nonspecific and specific adsorption (also termed chemisorption or 
ligand exchange). In nonspecific adsorption, the adsorbate is generally thought 
to be hydrated and retained by electrostatic forces in the outer Helmholtz plane 
(Kingston, 1981). Nonspecific adsorption occurs when no particular chemical 
bonding exists between the ions in solution and the adsorbing surface. The 
adsorption process is dominated by the charge that exists at or near the 
adsorbing surface. In this case, adsorption is not truly a surface interaction but 
is an ionic re-arrangement to maintain the electrical neutrality of the system 
(Jurinak and Bauer, 1956). 
In specific adsorption, the anions are bound by covalent or Van der 
Waals forces in the inner Helmholtz plane (Kingston, 1981). The term specific 
adsorption is used for all adsorption that cannot be entirely attributed to 
electrostatic forces. In specific adsorption, the surface charge plays a less 
important role in determining which ion is to be adsorbed than in the case of 
nonspecific adsorption (Bohn et al., 1985; Jurinak and Bauer, 1956). However, 
all anions can be nonspecifically adsorbed on positively charged sites, but only a 
few (e.g., and PO^^) are subject to specific adsorption (Bohn et al., 1985; 
Kingston et al., 1967; Johnson and Cole, 1977a). 
Sposito (1981, 1984) called specifically adsorbing ions "inner-sphere 
complexes" in contrast to nonspecifically adsorbing (indifferent) ions that form 
"outer-sphere complexes" with the surfaces. The two types of complexes can be 
differentiated based on the heat of adsorption. Hence, the deciding criterion for 
adsorption is the fi'ee energy of the attraction that exists between an ion and a 
given surface (Jurinak and Bauer, 1956). The free energy change, AG, 
accompanying an isothermal adsorption process is determined by two 
components. One is the enthalpy change, AH, that is related to the chemical 
forces. The other is the entropy change, AS, that is primarily related to the 
geometric freedom of the particles. Thus, an ion whose charge has the same 
sign as the surface can be specifically adsorbed if the force of attraction is great 
enough to overcome the existing electrical barrier presented by the surface 
charge, and if its corresponding loss in entropy on being restrained by the 
surface forces is not so great as to outweigh the effect of the attractive forces 
(Jurinak and Bauer, 1956). 
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Ligand exchange between 80/' and exchange sites on the surface of the 
soil at a pH lower than the PZC has been explained by a variety of exchange 
reactions. Zhang et al. (1987) reviewed the work by Ryden et al. (1977), Parfitt 
and Russell (1977), Parfitt and Smart (1978), and Rajan (1978) and 
summarized the possible exchange reactions as follows: 
X-OH2 
X-OH2 
+ SO/' —> 
X 
/ 
N 
OH2 
OH 
X-OH2 
X - O H  
/ OH2 
X  
'OH 
X-OH2 
X - O H  
X - O H  
X - O H  
+ SO/' —> 
+ so/' —> 
X -OH2 
X-S04 
so/ — >  X  
0H2 
+ so/' —> 
S04 
X - S 0 4  
X - O H  
+ so/' — >  X  
S04 2-
+ 0H' 
+ 0H-
+ H,0 
+ H,0 
O H  
X - 0  . 0  V  
X - 0^  0^ 
x-o^^o 
X-0^ X) 
+ 0H' + HpO 
+ 20H' 
[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
In reactions [1] and [2], the adsorption of one mole of SO/' results in the 
release of one equivalent of charge. In reactions [3] and [4], the adsorption of 
one mole of results in a change of two equivalent of charge without any 
release of OH'. In reactions [5] and [6], SO^^' can exchange with two OH' or 
OHg on the surface of Fe oxides, forming a binuclear bridging complex Fe-0-
S(02)-0-Fe (Parfitt and Russell, 1977). 
The release of OH' ions during SO^^^' adsorption and the increase in 
negative charge of the sorbing surfaces have been regarded as evidence for the 
conclusion that SO^^^ adsorption in soils occurs through a ligand exchange 
mechanism (Chao et al., 1965; Gebhardt and Coleman, 1974a; Hasan et al., 
1970; Hue et al., 1985; Marcano-Martinez and McBride, 1989; Parfitt and 
Russell, 1977; Parfitt and Smart, 1978; Zhang et al., 1987). But some studies 
speculated that SO^^^' adsorbs to soils by electrostatic forces (Marsh et al., 1987; 
Mott, 1981; Yates and Healy, 1975). More recently, Guadalix and Pardo (1991) 
suggested that SO^^' adsorption by soils occurs through a ligand exchange 
mechanism, but in a different plane of adsorption that is further away &om the 
surface than that of PO4®' anion as has been suggested by Bolan and Barrow 
(1984). A study by Curtin and Syers (1990a) showed that the SO^^' anion may 
not be chemosorbed as is commonly proposed. They used the term "low-affinity 
specific adsorption" which had previously been proposed by Uehara and 
Gillman (1981) to distinguish a situation in which the sorbed anion does not 
become chemically co-ordinated with the surface metal atoms. Data obtained 
by Zhang et al. (1987) indicated that reactions [3] and [4] are more probable. 
They concluded that most of the adsorption of SO/' by variable-charged soils is 
caused by an exchange with the co-ordinated water on the surface of soil 
particles. They reported that favors the kind of exchange that releases an 
HgO molecule but F favors the kind that releases an OH" ion. They attributed 
these results to the difference in the size of the two ionic species. Because the 
smaller F" ion takes up the position closer to the surface than the larger SO/' 
ion, its charge tends to be balanced by the greater displacement of OH'. 
The adsorption of SO/' and PO/" using five acid soils from the North 
Island of New Zealand was compared by Marsh et al. (1987). They studied 
SO/' adsorption (added as KgSOJ in a 0.1 M NaCl and 0.025 M CaClg systems 
and found that SO/' adsorption is not entirely nonspecific because SO/' 
preferentially adsorbed, even in the presence of high concentrations of CI". 
Therefore, they speculated that SO/' adsorbs in a plane closer to the surface 
than the plane of adsorption of nonspecifically adsorbed anions (i.e., CI'). Such 
a plane has been proposed for Ca^* adsorption (Barrow et al., 1980; Sposito, 
1981). However, in a CaC^, system, larger compression of the double layer and 
smaller anion exclusion is expected than in a NaCl system. Therefore, SO/' 
adsorption could occur closer to the surface causing the retention of H* forming 
HSOy or the release of OH' to regenerate surface positive charge which may 
explain why SO/' is adsorbed in excess of the positive charge initially present 
on the surface (Marsh et al., 1987). 
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Factors Affecting Sulfate Adsorption by Soils 
Many factors are responsible for 80^' adsorption by soils. These factors 
include initial 80^^' concentration, temperature, pH, hydrous Fe and A1 oxides, 
type and amount of clay minerals, competing anions, organic matter, and metal 
ions. Sulfate ion is adsorbed to soil surfaces by several mechanisms, including 
electrostatic attraction by positively charged surfaces and nonspecific 
adsorption onto hydrous Fe and A1 oxides as described above. In addition, 
mechanisms of precipitation of basic aluminum sulfate minerals (Nordstrom, 
1982), adsorption as CaSO^" ion-pair (Marcano-Martinez and McBride, 1989), 
and Ca^*-induced 80^^' adsorption (Bolan et al., 1993) have also been proposed. 
The following is a discussion of the factors that affect 80,^ adsorption by soils 
and separated soil components. The discussion will include the possible 
mechanisms involved in 80/' adsorption. 
Effect of equilibration time and temperature 
Equilibrium time and temperature are among the important factors 
affecting adsorption of 80^^' by soils and soil constituents. Rajan (1978) 
reported that 80/ adsorption by hydrous alumina to be 90% complete within 
10 minutes and 95% complete within 60 minutes with little change in 
adsorption after 3 hours. In a similar study, Rajan (1979) reported that the 
adsorption rate of 80/ was somewhat slower for allophanic clays (90% 
complete in 15 minutes) than for hydrous alumina and that no measurable 
change in adsorption occurred after 3 hours. His results indicated that the 
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isotherms obtained at 3 hours reaction time represent those at equilibrium. 
For soils, Singh (1984a) found that in 24 hours, 85% and 62% of added SO/' 
was adsorbed by an Fe podzol and Brown Earth, respectively. Data presented 
by Marcano-Martinez and McBride (1989) showed that SO/' adsorption by soils 
after 24 hours and 48 hours was approximately the same. Therefore, these 
authors considered 24 hours a sufficient equilibration time for their adsorption 
study. 
The time dependency of SO/' adsorption by soils as affected by the 
background electrolyte concentration was studied by Courchesne (1991). He 
showed that, at any time, the amount of SO/' adsorbed by two soil horizons 
under forest cover in Southern Quebec, Canada, decreased with increasing ionic 
strength. However, SO/" adsorption in the absence of supporting electrolyte did 
not reach a maximum even after 300 hours. This led the author to suggest that 
the amount of SO/' adsorbed at equilibrium is dependent on the ionic strength 
of the supporting electrolyte and that the increased SO/' adsorption associated 
with decreasing ionic strength is not due to the time dependency of adsorption. 
The adsorption of SO/' by two acid forest soils from southern Norway as 
affected by incubation time was evaluated by Singh (1984b). He found that 
SO/' adsorption by one soil (iron podzol) was completed within 24 hours, but 
adsorption by the other soil (brown earth) was only 85%. He also found that 
SO/' adsorption in both soils increased over a temperature range of 4 to 24°C 
at a constant initial SO/' concentration, indicating that SO/' adsorption by 
soils is an endothermic reaction. He attributed the endothermic reaction to be 
caused to some degree by the exposure of new active sites. A similar effect of 
temperature on SO^^' and PO/' adsorption was reported by Barrow and Shaw 
(1977). However, these authors reported that adsorption of 80/' can be 
considered to be a two-stage process in which the second stage is much slower 
than it is for PO/". They attributed the slowness of the second stage to the 
lower tendency of SO/' to induce negative charges at the adsorption sites. 
Therefore, they suggested that much of the adsorption could have been caused 
by reactions with positive sites rather than by inducing a negative charge on 
neutral sites. Because SO/' adsorption by soils and soil constituents is 
relatively rapid, 24 hours of shaking time has been considered by most 
researchers to be sufficient for complete equilibration (Bolan et al., 1993; 
MacDonald and Hart, 1990; Marcano-Martinez and McBride, 1989; Nodvin et 
al., 1986). 
Effect of pH and background electrolyte 
Sulfate adsorption by soils and soil constituents is strongly pH-
dependent. The amount of SO/' adsorbed decreases with increasing pH due to 
a decrease in the electrostatic potential of the adsorption plane (Tabatabai, 
1987). The pH affects SO/' adsorption by soils through its effects on surface 
charge characteristics. The most important parameter to describe a surface 
charge is the point of zero charge (PZC). The effect of pH on the amphoteric 
nature of the variable-charge surfaces (X) can be explained by the following 
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model (Parks and dè Bruyn, 1962; Yopps and Furstenau, 1964): 
0_ 
o 
OH 
OH-
0 
^ —O. [7] 
Net positive 
charge 
Point of 
zero charge 
(PZC) 
Net negative 
charge 
The PZC is defined as the pH at which the surface charge of the system is 
reduced to zero. On the acid side of the PZC, the system is positively charged 
(protonated surfaces: X-OHg*) whereas on its alkaline side, it is negatively 
charged. Another important feature of the amphoteric system is that its 
electrical neutrality at the surface is maintained by adsorption of counter-ions 
with charge equal in magnitude, but opposite in sign, to the surface charge 
(Bowden et al., 1980). 
The oxides and hydroxides of Al, Fe, Mn, and Si possess no permanent 
surface charge. The positive or negative charge is created by an adsorption or 
desorption of H* or OH" by changing the pH, which result in a surface potential. 
The pH of the PZC of variable-charge minerals is often determined by 
potentiometric titration by adding small increments of an acid or a base in the 
presence of gradient electrolyte concentrations of a salt of indifferent (or non-
charging) ions (Lyklema, 1984). The point of intersection of the curves 
connecting points of equal concentration of salt is termed the point of zero salt 
effect (PZSE) (Sposito, 1981), and when there is no specific adsorption, the pH 
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of the PZSE is equal to the PZC. 
The PZC reflects the overall composition of the soil. The pH effect in the 
positive and negative charges of soils is due to the H* transfer mechanism on 
organic matter, Fe and A1 oxides, and edges of kaolinite (Kingston et al., 1972; 
Morais et al., 1976). That is, the position of the PZC is determined by the 
ability of the surfaces to lose or gain H*. For silica, which is a stronger acid 
than goethite or gibbsite, the PZC is about pH 2 (Barrow, 1975). The PZC of 
goethite, gibbsite, hematite, corundum, and boehmite occurs at pH values 
greater than 7 and hydration can increase the PZC (Bleam and McBride, 1984; 
Kingston et al., 1972; Parks, 1965). Therefore, the presence of Fe and A1 oxides 
is expected to increase the PZC toward higher pK values. Kowever, the 
presence of clay minerals with a permanent or structural negative charge as 
well as organic matter tend to shift the PZC to low pH values. Permanent 
charge minerals such as montmorillonite would not be expected to have a PZC 
because the negative charge is too large to be balanced by a small amount of 
variable positive charge that may develop on the edges of layer-silicate plates. 
The potentiometric titration method does not take into account any permanent 
charge the soil may have. Thus, in nearly all soils, there will be some negative 
charge at the point where the curves intersect (Fox, 1982). 
Work by Kingston et al. (1972) showed that SO^'" adsorption on goethite 
and gibbsite decreased with an increase in pK up to 8, beyond which no 
adsorption occurred. This is in agreement with the decrease in positive site as 
the pH moves towards the pH of PZC as discussed above. However, below 
about pH 3.5, 80/' adsorption may be decreased due to the dissolution of A1 
(and possibly Fe) oxides and possible destruction of the adsorption sites (Nodvin 
et al., 1986). At pH values below the PZC, the surface charge also depends on 
the ionic strength of the solution; the greater the ionic strength the greater the 
positive charge. Therefore, to fully understand the chemistry of soils, the 
concentration of the electrolyte and valance of the ions in the equilibrium 
solution should be considered (Bowden et al., 1980). 
Recently, studies by Courchesne (1991) on the effect of ionic strength and 
pH on SO/!' adsorption by two acid soils showed that maximum adsorption 
occurred in the range of pH 3.8 to 4.0, with a sharp decrease in adsorption 
above pH 4.0. His results also showed that below pH 3.8, 80/' adsorption 
slightly decreased. He attributed the decrease in 80^^' adsorption at low pH 
values to the partial dissolution of A1 and Fe surface coatings and to the 
formation of AISO/ aqueous complexes. These results agreed with earlier 
findings by Courchesne and Hendershot (1989). Courchesne (1991) also 
reported that increasing the ionic strength of the electrolyte (0.001, 0.01, 0.1, 
and 1.0 M NaCl) always decreased 80/' adsorption due to increased CI' ion 
competition for the sorption sites and possibly due to the formation of Na804' 
aqueous complexes. In addition, he reported that the influence of pH on 
adsorption was more pronounced at low electrolyte concentration. Because the 
pH was well above the PZC, the increase in ionic strength could have resulted 
in an increase in negative charges, thus decreasing the SO/^' adsorption 
capacity. Similarly, Bolan et al. (1986) suggested that the effect of ionic 
strength on adsorption was due to its effect on the electrostatic potential 
in the plane of adsorption and that was essentially adsorbed when the 
potential was positive. 
Other work by Bolan et al. (1986) showed that the adsorption of PO/" 
could increase with increasing ionic strength once the pH exceeded the PZC. 
Further, Bar-Yosef et al. (1988) showed that increasing ionic strength increased 
PO/ adsorption by clay minerals at a constant pH. To explain their 
observations, Bar-Yosef et al. (1988) suggested that the reduction in the 
thickness of the diffused double layer (DDL) with increasing ionic strength 
reduces the masking of PO/' adsorption sites by the negative electric field of 
clay faces, and therefore, causes more PO^^' adsorption. It has been suggested 
that S04^' is adsorbed by soils less strongly than PO/' (Parfitt, 1982) and that 
the process is more strongly pH-dependent (Marsh et al., 1987; Nodvin et al., 
1986). However, adsorption with increasing ionic strength has been 
shown to be the opposite of that for PO/'; it decreases with increasing ionic 
strength. Therefore, the results obtained by Curtin and Syers (1990b) showing 
that SO^^' adsorption increases initially with increasing ionic strength could be 
misleading because the increased 80^^' retention was due to decreased pH 
caused by higher salt concentration and not due to increased ionic strength. 
This conclusion was supported by the observation that soils with net positive 
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charge, where pH is not depressed by increasing electrolyte concentration, did 
not show higher 80/^' retention with increasing ionic strength. 
Courchesne (1991) proposed two mechanisms to explain the reduction in 
SO^'' adsorption with increasing ionic strength, depending on the concentration 
of the background electrolyte (NaCl). For the dilute equilibrium solutions, 
adsorption of the more highly charged anion was favored. With increasing 
ionic strength, the DDL thickness decreases and CI' competes more for the SO^^' 
adsorption sites due to mass action. Alternatively, the formation of aqueous 
NaSO/ complexes at high ionic strength could compete with 80^^' for 
sesquioxide surfaces, therefore reducing 80^^' adsorption. 
Although some studies postulated that adsorption of 80^' is nonspecific 
(Marsh et al., 1987; Mott, 1981; Yates and Healy, 1975), other studies 
considered 80/^ to be specifically adsorbed to the surfaces of oxides, altering 
their PZC (Parfitt and 8mart, 1978; Rajan, 1978, 1979). Specific adsorption of 
metal ions often increases the isoelectric point of the oxide (the pH at which the 
surface is electrokinetically uncharged), while decreasing the PZC (McBride, 
1989). An increase in salt concentration causes an increase in surface charge 
which, in turn, results in the increased adsorption of electrolyte counter-ion. 
For specific adsorption of a cation into a region of positive electrostatic 
potential, increasing ionic strength reduces the positive potential, thus causing 
a reduction in the repulsion of the cations and subsequent higher adsorption 
(Bowden et al., 1980). However, the converse is expected for the specific 
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adsorption of cations at negative surfaces. 
Effect of hydrous A1 and Fe oxides and clav minerals 
From the above discussion, it is clear that the increase in the amount of 
hydrous Fe or A1 oxides and kaolinitic clays in acid soils increases 
adsorption because it increases the PZC toward higher pH values. Early 
studies have shown that high amounts of SO/' are retained in highly 
weathered soils containing large amounts of hydrous A1 and Fe oxides and 
kaolinitic clays (Berg and Thomas, 1959; Chao et al., 1962a,b, 1964; Ensminger, 
1954; Harward et al., 1962; Reisenauer, 1967). The A1 and Fe oxides may be 
present in soils as discrete compounds (Sanders and Tinker, 1975), as coatings 
on the clay mineral (Fox et al., 1971; Parfîtt, 1980), or as complexes with soil 
organic matter (Evans, 1990, 1991; Wada and Harward, 1974). The amounts of 
SO/' adsorbed on A1 and Fe oxides depend on the density of surface charge of 
the oxides as discussed in the previous section. 
Chang and Thomas (1963) proposed a mechanism by which SO/' could 
be adsorbed by soils. By assuming a homoionic Al-saturated clay coated with 
hydrated A1 and Fe oxides (R), they proposed a mechanism involving two 
reactions as follows: 
yK+ + Al^ - clay + yH^O —> Al^(OH)/y - clay + yH+ [8] 
SO/'+ R,(OH)y - clay —> R,[(0H)y.,(80- clay + zOH'. [9] 
The first reaction is the hydrolysis of A1 and/or Fe, and the second is ligand 
exchange reaction. In this mechanism, K* adsorption sites can develop firom the 
exchange and/or hydrolysis of Al^* on the clay edges and/or surfaces. As a 
result of this hydrolysis, some H* ions are released into the solution. At the 
same time, replaces OH" ions from R(OH) coating on clay by ligand 
exchange. The replaced OH' ions, in turn, react with the H* ions released from 
the hydrolysis of Al^* forming water. Harward and Reisenauer (1966) reviewed 
these reactions and proposed that this mechanism should be broadened to 
include anion adsorption either by exchange for OH or OHg groups and the 
simultaneous cation exchange, regardless of which cation is adsorbed. 
Studies with infrared spectroscopy and thermal analysis have shown 
that Fe oxides are very important in SO^^' adsorption by soils. Infrared data 
showed that 80^^' adsorbs on Fe oxides and hydroxides by forming a binuclear 
bridging complex (Harrison and Berkheiser, 1982; Parfitt and Russell, 1977; 
Parfitt and Smart, 1978). Rajan (1978, 1979), working with allophanic clays, 
found that SO^'' adsorption released OH' ions and that the amount of SO/' 
adsorbed was proportional to the OH groups released. He proposed that at a 
point below PZC, SO/' is adsorbed as a bidentate by displacing either two OH' 
or OHj groups. At or above PZC, SO/' is adsorbed as a monodentate, 
displacing one OH' or OHg. Further evidence to support this mechanism was 
reported by Martin and Smart (1987), who used x-ray photoelectron 
spectroscopy to measure directly the surface coverage, the form of the adsorbed 
species, and the pH- dependence of adsorption. Their results were consistent 
with those observed from infrared spectroscopy studies by Parfitt and Smart 
(1978), who showed that an adsorbed ion replaces two A-type OH" groups 
(single coordinated to Fe^* ions) on (100) and (010) goethite surface sites. 
In a recent study. Turner and Kramer (1991) evaluated the nature of the 
80/' bond to goethite and hematite using infrared spectroscopy, differential 
thermal analysis, thermal gravimetric analysis, and the ratio of protons 
consumed per 80^^ ion adsorbed. Their thermal analysis data confirmed 
previous results that 80/ adsorption to Fe and A1 oxides occurs by forming 
binuclear bridging complexes. They found that the ratio of OH released to 
80/ adsorbed decreased with increasing pH, indicating decreases in binuclear 
bridging over mononuclear exchange as pH is lowered. Further, at low pH 
values, anions were held more strongly. These findings led Turner and Kramer 
(1991) to propose a mechanism by which electrostatic attraction, mononuclear, 
and binuclear ligand exchange are responsible for 80/" adsorption, with 
binuclear bridging decreasing in importance as pH is lowered. 
The different adsorption behavior of some oxyanions on hydrous Fe oxide 
gel were evaluated by Ryden et al. (1987) and by Neal and Sposito (1989). 
They found that the adsorption of both 80/' and selenate (8eO/') were similar 
but significantly different from selenite (SeOg^') adsorption whose adsorption 
behavior is considered similar to that of PO/' and arsenate (AsO/ ). It has 
been suggested that 80/ and 8eO/" retain a hydration shell when adsorbed on 
soil or mineral surfaces, and thus are not as strongly attracted to solid surfaces 
as SeOg, which has been shown to be adsorbed in an unhydrated form onto a 
goethite surface (Neal and Sposito, 1989). 
In general, synthetic A1 oxides have been shown to possess greater 80/^' 
adsorption capacities than Fe oxides (Aylmore et al., 1967; Ensminger, 1954). 
By using statistical analysis. Barrow (1967) and Haque and Walmsley (1974a) 
showed that SO/' adsorption is correlated with extractable A1 rather than 
extractable Fe, although both Fe oxide and hydrous A1 surfaces strongly absorb 
SO/! (Aylmore et al., 1967). By using a similar approach, Scott (1976) 
suggested that SO^"' adsorption at relatively low concentrations depended on 
active Fe rather than active Al in Scottish soils, but A1 was more important at 
the SO^^' saturation value. Barrow (1975) commented that both Al and Fe 
oxides are capable of adsorbing SO^^ and that it is almost impossible to extract 
one from the soil without extracting the other. Therefore, the use of statistical 
analyses to correlate SC^^ adsorption to either Al or Fe oxides may not be a 
satisfactory method to show the importance of one oxide over the other because 
statistical analyses cannot separate the individual effects of these oxides. 
Volcanic ash soils usually absorb considerable amounts of SO/', probably 
because of the presence of allophane and other hydrous oxides (Ayres and 
Hagihara, 1953; Fox et al., 1971; Gebhardt and Coleman, 1974b; Haque and 
Walmsley, 1973,1974b). However, Hogg and Toxopeus (1966) and Fox (1974) 
showed that younger allophane soils retain little SO/' against leaching. 
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whereas older allophane retain more 80^^ . These findings suggest either that 
there are additional sites in older allophanic soils due to the decrease in pH 
and increased A1 levels, or that the sites are more accessible. Bolan et al. 
(1988) found that soils containing allophanic clay adsorbed appreciably more 
than the vermiculite-dominated soils. 
The amount of 80^^' adsorbed by silicate clay minerals depends on the 
number of edge adsorption sites. Harward et al. (1962) stated that kaolinite 
adsorbed more 80/' than montmorillonite. Sulfate adsorption by tropical soils 
varied according to their dominant mineralogy in the order: amorphous 
hydrated oxides > crystalline oxides > kaolin clays > 2:1 clays (Fox, 1974). The 
higher adsorption of 80^^' by kaolinite has been attributed to the higher 
proportion of anion exchange sites on 1:1 clay than on 2:1 clay minerals 
(Harward and Reisenauer, 1966). For silicate clays, 80^^' may exchange for 
OH' of the terminal A1 octahedral coordination layer. The general mechanism 
of this exchange is similar to that described above for hydrous oxides. 
Although many studies proposed that 80/' adsorption by hydrous oxides 
occurs by exchange reactions, others speculated that it occurs by 
adsorption/precipitation-type reactions. Nordstrom (1982) reviewed the results 
obtained by Raj an (1979) and speculated that 80/ adsorption as described in 
Rajan's experiment is merely a precipitation reaction because the removal of 
80^^' from solution within 15 minutes is possible only if amorphous solids are 
formed. Khanna et al. (1987) showed that the retention of 80/' in highly acidic 
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forest soils occurred by the precipitation of jurbanite (AIOHSO4). They 
speculated that the formation of jurbanite occurs from the partial dissolution of 
gibbsite. These results were supported by the work of Freiesleben (1988). He 
also hypothesized that jurbanite may form from gibbsite and is responsible for 
activity in acid forest soils. Earlier studies by Adams and Rawajfih (1977) 
showed that Al-hydroxyl surface of the solid phase could be an important 
mechanism controlling 80/' and Al®" activities in soils. In their experiments, 
they showed that the formation of sparingly soluble alunite and basalunite 
from, or onto the surface of gibbsite, was thermodynamically favorable. The 
speculated reaction is as follows (Adams and Rawajfih, 1977): 
3A1(0H)3 + K" + 2S0/- KAl3(0H)6(S04)2 + 30H-. [10] 
Courchesne and Hendershot (1990) tested the hypothesis that the 
formation of Al^O 1^(804)2 mineral plays a role in the process of 80^^ retention 
by acid soils. The leachates obtained from field lysimeters were undersaturated 
with respect to any Al%0I^(804)z mineral. Thermodynamic calculations 
suggested that alunite could be the form that controls Al^* activity in these 
soils. However, there was no physical evidence to support the formation and 
presence of alunite in these horizons. 
Effect of organic matter 
Organic ligands present in soil solutions play an important role in 
determining adsorption capacity of soils (Fuller et al., 1985; Inskeep, 
1989; Johnson et al., 1980; Krug and Prink, 1983). Fulvic and humic acids and 
other organic ligands adsorb to positively charged surface sites of goethite, 
gibbsite and imogolite (Parfitt, 1980; Parfitt et al., 1977a,b) and, therefore, 
reduce the number of surface sites available for anion adsorption. 
Studies on the effect of organic acids on phosphate adsorption showed 
that organic acids (citrate, oxalate, polygalacturonate, and malate) decreased 
phosphate adsorption by oxides of Fe and Al, kaolinite, and tropical soils 
(Lopez-Hernandez et al., 1986; Nagarajah et al., 1970). Similarly, soil organic 
matter has been shown to decrease SO^^' adsorption (Couto et al, 1979; Johnson 
et al., 1979, 1980; Singh, 1980). Organic materials containing carboxylic or 
phenolic functional groups can bind to oxide surfaces, and therefore reduce the 
number of sites available for adsorption of inorganic anions. Evans (1986) 
noted that increases in dissolved organic carbon (DOC) resulted in increased 
SO^'^ transport in soil column at pH 4.6 due to anion competition for the 
adsorption sites. Gobran and Nilsson (1988) found that forest floor leachates 
containing dissolved organic ligands inhibited SO/' retention by Spodosol. 
Sulfate leaching in soils has been reported to be more extensive in soils that are 
low in Al and Fe oxides, particularly in the A horizons (Parfitt, 1978). Early 
studies by Swoboda and Thomas (1965) showed that SO/' is leached even in 
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red-yellow podzolic soils containing significant amounts of Fe oxides when large 
volumes of water were used. However, Gillman (1974) found more phosphate-
extractable in lower than higher soil horizons where the PZC was 
relatively high with more positive sites. Sulfate leaching from the A horizon 
can occur if positive sites of soils are blocked by organic ligands. This is due to 
the fact that SO4 has a lower binding constant than polycarboxylic acids (Haque 
and Walmsley, 1974a). 
Recent studies showed that DOC may influence the 
adsorption/desorption of in soils either by anion exchange or by 
preferential adsorption of organic acids on SO^^' adsorption sites (Evans, 1991; 
Evans and Anderson, 1990; Inskeep, 1989). Inskeep (1989) postulated that the 
probable functional group responsible for the binding of organic acids (humic, 
fill vie, tannic, citric, oxalic, and gallic acids) by amorphous Fe-oxides are 
either -OH or -COOH. He proposed that the amount of SO^^' inhibition by the 
addition of organic acids is related more to the amount of functional groups 
available for surface binding rather than to the quality of total soluble C, and 
that organic acids were selectively adsorbed over 80^^' by some soil components. 
The formation of organic acid-metal bridging complex can be responsible 
for SO^^^' desorption and transport in soil. Evans (1990, 1991) compared the 
rates of A1 release, 80^^' desorption, and organic acid adsorption and noted that 
aliphatic acids may undergo simultaneous chemical reactions involving metal 
solubilization-chelation, organic-inorganic anion exchange, and surface 
desorption. The rate of A1 and release was greater for the diprotic acids 
compared to monoprotic acids, whereas the rate of organic acid desorption was 
greater for the monoprotic acid. This suggested that, although some diprotic 
acid adsorption occurs, it is a secondary reaction with the primary reactions 
being metal solubilization and 80^^ displacement. However, the reverse was 
true for monoprotic acids. This was attributed to the inability of the 
monoprotic acids to form five- or six-member chelation structure, or to the fact 
that the surface adsorption reaction could be more thermodynamically favorable 
than the formation of five- or six-member structure. 
Effect of competing anions 
The competitive effect of one ion on another is usually expressed in two 
ways. One is through the physical competition for adsorption sites. The second 
is through the electrostatic competition resulting from a change in the 
electrostatic potential in the adsorbing plane following specific adsorption of an 
anion (Bowden et al., 1980). 
Sulfate is adsorbed by soils less strongly than phosphate (Haque and 
Walmsley, 1973; Hasan et al, 1970), and phosphate solutions are used to 
extract SO^^' in soil tests for S (Barrow, 1967; Fox et al., 1964; Peverill et al., 
1975). Increasing the PO/' concentration in solution leads to complete 
desorption of adsorbed SO^^" (Rajan and Fox, 1975) and decreases 80^^ 
adsorption firom a solution containing both PO/' and 80^^' (Parfitt, 1982). 
Metson and Blakemore (1978) observed that PO/' impeded 80/' adsorption 
more in weakly-weathered than in highly-weathered soils, as expected from the 
relative amounts of SO^^'-adsorbing materials in such soils. Parfitt (1980) 
summarized the general affinity of anions for hydrous A1 and Fe oxides at 
normal pH of agricultural soils to be of the following order: HgPO/ > arsenate 
(HgAsO^ ) > selenite (HSeOg") = molybdate (MoO^^ ) = F > 80^^' = silicate 
(HgSiO^'^') > Cr > NO3' > percholate (GIO^). 
Even though SO^^' and HgSiO^^' may have similar affinities towards oxide 
surfaces, the adsorption mechanisms involved could be different. For 80^^' that 
is a fully dissociated anion with a low afiinity constant, adsorption increases as 
pH decreases. However, H^SiO^ incompletely dissociate and its anion is 
adsorbed most readily near the pK of the acid (pH 9) (Kingston et al., 1972). 
These authors also found that the adsorption of F and H38iO/ increased with 
increasing pH until a peak is reached near the pK of the acid. For selenite (as 
H8e03" or 8e03^ ) and PO^^' (as HgPO/ or HPO^^'), increasing pH decreased 
adsorption, but the decrease became more marked above the pKg. 
Inorganic oxyanions such as PO/', SO/', H^AsO/, HSe03", and MoO^^' 
may also form a binuclear bond with oxide surfaces (Parfitt, 1980). The reason 
that some oxyanions chemosorb strongly at oxide surfaces but others (e.g., NO3', 
CIO4 ) do not was attributed to their charge and electronegativity. Nitrate and 
CIO4' are very electronegative elements and adsorb through electrostatic 
attraction (Harrison and Berkheiser, 1982), whereas other oxyanions, such as 
PO/', are not. Thus, the 0 atoms of PO/' may be preferred ligands for surface 
complexation because the electron density resides on these atoms (McBride, 
1989). By using infrared analysis, Harrison and Berkheiser (1982) showed that 
the bonding of oxyanions with freshly precipitated hydrous ferric oxides 
depends on the nature of the anion and its hydration level. They found that, 
with the exception of tellurate, all divalent oxyanions coordinate directly with 
surface Fe cations, and without exception, each bidentate bridging complex 
forms by the replacement of protonated and unprotonated OH'. 
Comparison of the adsorption behavior of nine inorganic anions by Fe gel 
showed that the extent of adsorption was in the order: HgPO^' > H^AsO/ = 
HSeOg" > H^SiOj > MoO/' > SO4^" > CI' = NO3' (Ryden et al., 1987). In addition, 
H2PO4' was found to strongly reduce the adsorption of SO^^' by Fe gel, but SO^^' 
(also Cr, NO3', and SeO^^') had no effect on HgPO/ adsorption. Earlier studies 
by Parfltt (1982) also showed that PO/' adsorption reduced the adsorption of 
80^^ but, in contrast to the data reported by Ryden et al. (1987), SO^^^' was 
found to compete with PO/' adsorption. 
Effect of metal ions 
Indifferent cations (cations that do not induce surface charge) such as 
Na* and K* are extremely weak acids. Therefore, they cannot dissociate H* 
from their surrounding sheath of water molecules until very high pH values are 
reached (Bowden et al., 1980). Indifferent cations have either nonspecific 
adsorption or equivalent adsorption to the surface charge. In general, the 
common cations, Na", Ca^*, and Mg^"^ are adsorbed by soil minerals when 
the surfaces are negatively charged. For minerals with pH-dependent charge, 
the negative charge increases with pH. However, as stated earlier, specific 
adsorption of ions occurs regardless of the net particle charge and may even 
cause charge reversal. Calcium, Mg^", and other alkaline earth cations can be 
specifically adsorbed by soils and soil constituents (Breeuwsma and Lyklema, 
1973; Huang and Stumm, 1973; Kinniburgh et al., 1975). For specific 
adsorption of divalent cations, each mole of metal ion (M) adsorbed, 
approximately two mole of H* ions are displaced firom the surface X as shown in 
the following reaction (Parfitt, 1980): 
2XH + M^+ —> XgM + 2H\ [11] 
Divalent metals, however, can also be adsorbed as MOH* or M(0H)2°, and H* 
can be displaced fi-om the adsorbed MOH" rather than from the surfaces 
(Parfitt, 1980). Similar reactions can be derived for the trivalent metal ions 
where three H* ions are displaced. But trivalent metals can also be adsorbed 
as MOH^* or M(0H)2*, and M(0H)3°, depending on the pH of the solution. 
Studies by Chao et al. (1963) on the effect of cations on SO^^ adsorption 
by soils showed that the magnitude of SO^^' adsorbed from different salt 
solutions was in the order CaSO^ > KgSO^ > (NH4)2S04 > NagSO^. Also, they 
found that the magnitude of SO^^' adsorbed by soils saturated with different 
cations followed the order of chemical valence of the saturated cations (Al®^ > 
Ca^* > K*). Chao et al. (1963) gave two explanations for this order. The first 
was based on differences in chemical valence of the cations involved where di-
or tri-valent exchangeable cations may act as a bridge between the 80^^' ions 
and the soil complex. The second explanation was concerned with the effects of 
different exchangeable cations on the electrokinetic potential of soil colloids and 
the relationship to anion repulsion, because the zeta potential of soil colloids 
decreases with the charge of the exchangeable cations and increases with the 
size of the hydrated cation. They based their explanations on the theory that 
soil colloids saturated with monovalent cations or suspended in a SO/'-solution 
of monovalent cations is expected to have greater zeta potential than those 
saturated with di- or tri-valent cations. Therefore, as the zeta potential of soil 
colloids is reduced by the presence of polyvalent cations, the chance for 80^^ 
anion to be retained is enhanced. However, Chao et al. (1963) did not rule out 
the specific affinity of individual cations for 80^^' ions. 
The enhancement of 80^^' adsorption in Ca^* systems was reported by 
Bolan et al. (1993), Marcano-Martinez and McBride (1989), and Marsh et al. 
(1987). Marsh et al. (1987) suggested that in a Ca^* system, 80^^' approaches 
more closely to the adsorbing surface than in a Na* system due to the decrease 
in thickness of DDL which reduces anion repulsion. Marcano-Martinez and 
McBride (1989) reported that Ca^"^ adsorption from CaClg was by nonspecific 
adsorption (i.e., electrostatical attraction) to soil clay. However, simultaneous 
adsorption of Ca^^ and 80^^' from Ca804 solutions caused an enhancement in 
the retention of both ions, which led these authors to propose that a mechanism 
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of CaSO/ ion-pair adsorption on mineral surface is responsible for the 
increased adsorption as shown in the following reaction: 
0 0 
+1/2 +2/3 
X-OH2 X - 0 - SO3 
+ CaSO^ —^ +H2O.  [12] 
x-oh;  
p+1/2^^ 
The proposed mechanism was based on the following observations: (1) the 
increase in pH following SO^^' adsorption was less when adsorption was 
measured in CaSO^ than in K^SO^ solution; (2) the increase in positive charge 
created due to Ca^* adsorption was not sufficient to account for the increased 
adsorption; and (3) at high concentration of CaSO^ ( > 0.001 mol L'^), 
equimolar quantities of Ca^* and 80/' were adsorbed. However, more recently, 
Bolan et al. (1993) proposed another mechanism to explain Ca^*-induced SO/' 
adsorption by soils at low levels of Ca^* in solution. According to this 
mechanism, soils that are high in organic matter and low in Pe and A1 hydrous 
oxides, Ca^* is probably adsorbed by complex formation through electrostatic 
(Colombie) attraction of Ca^* onto the carboxyl and phenolic hydroxyl groups of 
soil organic matter. In this case, Ca^* complex formation through electrostatic 
attraction does not create any additional positive charges as shown in the 
following reactions: 
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C-O" 
I -0- -H 
+ Ca' 2+ 
— c — o 
L-O-H 
•Ca 
[13] 
,COOH 
"OH 
+ Ca' 2+ 
,COOCa+ 
)H 
+ H\ [14] 
Therefore, adsorption of 80/ , if any, may occur by displacing the OH' group as 
follows: 
X-OHa 
X-OH 
—,0 
+  S O -2-
X-OH2 
X -SO4 
+ OHT". [15] 
In soils high in hydrous oxides, specific adsorption of Ca'^* onto the oxide 
surface increases the positive charge on the surface. Therefore, in addition to 
the SO^^ adsorbed at the original positive sites, 80/' is also adsorbed onto 
positive sites created by Ca'^* adsorption. These reactions were pictured as 
follows: 
X-OH 
X-OH 
+ Ca"* 
X-OCa 
X-OH 
+ H+ [16] 
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X-OCa 
X-OH 
—lO 
+ so; 2-
X-OCa 
X-SO4 
+ 0H-. [17] 
The released during the specific adsorption of Ca^* may partly balance the 
OH" released during the SO/' adsorption. This conclusion was supported by the 
small increase in pH due to SO^^' adsorption from CaSO^ as compared with that 
from K2SO4. 
Adsorption Models 
Sulfate adsorption by soils is usually shown as an adsorption curve 
where the amount of SO^^' adsorbed at constant temperature is plotted against 
the equilibrium solution concentrations. Several mathematical models have 
been used to describe ion adsorption. For its simplicity and its ability to 
calculate an adsorption maximum and a relative binding energy term, the 
Langmuir model has been extensively used to describe the adsorption of ions by 
soils and soil constituents (Parfitt, 1978). The simple form of the Langmuir 
model can be described as follows: 
where 0 is the fraction of the surface covered, C is the solution concentration, X 
is the amount of ion adsorbed, X^ is the sorption maximum, and k is a 
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constant related to the adsorption bonding energy. This equation may be 
written in several linear forms. One of the most commonly used forms is as 
follows; 
Under ideal conditions, a plot of C/X against C should give a straight 
line with slope equal to 1/X„, from which X„ is calculated. The constant, k, is 
calculated from the intercept. However, for anion adsorption, a plot of C/X 
against C may not give a straight line over a wide concentration range, but a 
curvilinear or two-slope plot may be obtained (Olsen and Watanabe, 1957; 
Parfitt, 1978; Syers et al., 1973; Veith and Sposito, 1977). 
Another linear form of the isotherm is a plot of 1/X vs. 1/C (Dowd and 
Riggs, 1965; Kuo, 1988; Rubin and Mercer, 1981). Such a plot is less reliable in 
estimating the Langmuir parameters despite a marked improvement in the 
correlation coefficient values. Therefore, a high correlation coefficient does not 
ensure a good fit of the isotherm to ion adsorption by soils and other materials 
(Harter, 1984; Kuo, 1988). Thus, a plot of C/X vs. C is usually better than the 
plot mentioned above, but on average, it underestimates the affinity constant 
for the soils (Kuo, 1988). In addition, such a plot is superior to the X vs. X/C 
plot in the evaluation of Langmuir parameters when the errors associated with 
adsorption measurement, calculation, and plotting are small. When the errors 
are high, the reverse is true (Veith and Sposito, 1977). 
Adsorption of SO^^' by soil constituents occurs at a number of 
energetically different reaction sites and often cannot be adequately described 
by a single adsorption-desorption equation (Aylmore et al., 1967). The 
derivation of the Langmuir equation was based on three assumptions (Bohn et 
al., 1985): (1) constant energy of adsorption which is independent of the extent 
of surface coverage; (2) adsorption on specific sites, with no interaction between 
adsorbate molecules; and (3) maximum adsorption is that of a complete 
monomolecular layer on all reactive adsorbent surfaces. The poor fit of 
adsorption data to the Langmuir model may be due to the violation of one or 
more of these assumptions. The Langmuir model is also inadequate when 
adsorption conditions such as pH or salt concentration are changed, because 
these factors affect both and k values (Bowden et al., 1977; Parfitt, 1978). 
The curvilinear line has been resolved into two slopes suggesting at least 
two or more different sites for ion adsorption with the energy of adsorption 
being constant at each site (Holford et al., 1974; Muljadi et al., 1966; Rajan, 
1975; Ryden et al., 1977a; Singh et al., 1981; Syers et al., 1973). One site has a 
high bonding energy and reacts rapidly with the adsorbed ion, whereas the 
other has a lower bonding energy and reacts more slowly. Alternatively, the 
curvilinear plot may suggest two mechanisms of adsorption on similar sites 
(Bohn et al., 1985). 
The shape of the isotherm for the adsorption of oxalic acid on goethite 
was found to have three distinct regions, suggesting that there are three 
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different adsorption mechanisms (Parfitt et al,, 1977a). Infrared spectroscopy 
confirmed that oxalate was adsorbed as a bridging complex in Region I and as a 
monodentate complex in Region II. It was suggested that dissolution of 
goethite occurred in Region III. However, Veith and Sposito (1977) showed that 
the Langmuir equation cannot differentiate between adsorption and secondary 
precipitation at relatively high ion concentrations and concluded that the 
Langmuir parameters will have no particular chemical meaning unless it is 
independently shown that only adsorption occurs. Although adsorption 
isotherms may give an indication of different adsorption mechanisms, they do 
not give any information about the chemical mechanisms of adsorption (Sposito, 
1982). Thus, a good fît of the adsorption data to a particular adsorption 
isotherm does not prove any adsorption mechanism. 
The most plausible explanation of the curvilinear plots is that the energy 
of adsorption by soil is not constant. In some instances, three-slope Langmuir 
equations have been used to describe the adsorption isotherm of phosphate 
(Bache, 1964; Parfitt, 1977a; Ryden et al., 1977a). Each slope represents a 
different stage of adsorption, depending on the concentration range. These 
stages were termed a high-energy chemisorption, precipitation, and a low-
energy (physical) sorption. The total adsorption maximum for the soil is then 
given as the sum of the maximum amount of the adsorbate adsorbed at each 
segment (i.e., X^i + +....) (Bohn et al., 1985). Harter and Baker (1977) 
proposed that the curvilinear plot obtained is the result of not considering the 
effect of desorbed ions in the equilibrium solution rather than being due to 
multiple adsorption mechanisms. Therefore, the constant, k, is not related to 
the bonding energy of the adsorbed ion, but to the ratio of adsorbed and 
desorbed ion bonding energies. Fitting the adsorption data into the two-slope 
Langmuir equation frequently results in overestimation of the observed 
maximum adsorption (if the two maxima are summed) as compared to the one-
slope equation that usually underestimates the observed maxima. 
Although the Langmuir equation does not always adequately fit the 
adsorption data and the adsorption maximum estimated by such an equation 
could be in error by more than 50% (Harter, 1984), it continues to be the most 
frequently used equation to describe the adsorption data. This equation is 
useful to calculate adsorption maxima for comparison to other adsorption 
properties. However, it should be avoided when attempts are made to 
understand adsorption dynamics and bonding strengths (Harter and Baker, 
1977; Harter and Smith, 1981; Posner and Bowden, 1980). In addition, the 
two-slope Langmuir equations have been used for data that do not fît the 
simple Langmuir plot. However, the two-slope equation has not been 
universally accepted (Harter, 1984; Posner and Bowden, 1980). Sposito (1982) 
showed that adsorption reactions can be modeled with four adjustable 
parameters describing the two-surface Langmuir model. But, he emphasized 
that such equations do not give mechanistic information and that chemical 
mechanisms of adsorption must be obtained from other types of information. 
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Kuo (1988) evaluated a modified Langmuir equation in describing 
phosphate adsorption by soils. This equation was developed through statistical 
mechanics (Fowler and Guggenheim, 1949) and can be written as follows: 
0/(1-0) = k C exp(-a0/RT), [20] 
where 0 is the fraction of the surface covered (X/X„), C is the solution 
concentration, X is the amount of ion adsorbed, X^, is the sorption maximum, k 
is a constant related to the adsorption bonding energy, and a is the interaction 
energy term. 
Solutions for X„, k, and a can be obtained by using a nonlinear least 
squares program. From the values of a and 0, it is possible to approximate the 
changes of surface potential and the interaction energy as the sites occupied by 
the adsorbed ions increase. Kuo (1988) suggested that this equation be used to 
overcome the assumption of the Langmuir equation that there is no lateral 
interaction among the adsorbed species and constant free energy of adsorption. 
An equation similar to the Langmuir equation can be derived from 
adsorption equilibria (Graham, 1953): 
Anion + ligand exchange sites ^ occupied sites + desorbed ligand 
where 0 the fraction of the surface covered, K is the equilibrium constant, and 
Ca the activity of the anion. This equation assumes that all adsorption sites 
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are identical and that the activity coefficients of the occupied and unoccupied 
(ligand exchange) sites are the same. It also assumes that there is no 
interaction between adsorbed anions. If the activity coefficient is assumed to be 
unity, K can be determined, and the standard free energy of adsorption, AG", 
can be calculated by using: 
AG" = -RT hiK, 
where R is the molar gas constant, and T is the absolute temperature. 
Then, -AG" gives a measure of the energy of adsorption due to bonding energy 
(AH") and entropy changes (AS"), where: 
AG' = AH" - TAS". [22] 
Ryden et al. (1977a) have used this approach to calculate AG" for three regions 
of the adsorption isotherm for PO/' using contrasting soils and Fe oxide gel 
over a wide range of concentrations. They resolved the adsorption data by 
successive approximation of the Langmuir adsorption constants and found that 
AG" values for a particular region were similar for each soil region. However, 
Xn, values for each region varied between the soils and Fe gel. 
The free energy of adsorption (AGgdJ can be separated into three 
components (Bowden et al., 1977): 
AGadg = AG^u, + AGchem + AGi^t, [23] 
where AG^ui is the Colombie (or electrostatic) component, AG^hem is the chemical 
component, and AG|„t is the interaction component which gives specificity to the 
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Colombie binding. Indifferent ions, such as NO3 , are adsorbed only on a 
positively charged surface and AGeoui is significant but AGg^em is low. Adsorption 
is due to electrostatic interaction between the ion and the electric field of the 
surface. If an ion is adsorbed out of proportion to its activity in solution 
because of the size and polarizability of the ion, then AG,nt is also important. 
As discussed earlier (see the section on the effect of pH and background 
electrolyte), the potential-determining ions such as OH" or and ligand-
exchanged ions can adsorb on a surface of like charge or zero charge; thus, 
AGghem becomes significant because of the occurrence of specific interaction. 
Obtaining adsorption data at different temperatures allows the 
differential isosteric heat of adsorption, AH, to be determined by applying the 
Clausius-Claperon equation to the system where the surface coverage, 0, is 
assumed constant (Griffin and Jurinak, 1973): 
where Cj is the equilibrium concentration at temperature, T,, Cg is the 
equilibrium concentration at temperature, Tj, and AH and R are as defined 
above. 
Many other models of various complexity are used to fit adsorption data 
(Morel et al., 1981; Sposito, 1984). The variable charge model takes into 
consideration the change of surface charge and potential resulting from the 
specific adsorption of an anion as well as the distribution pattern of the 
adsorbed species at the interface region (Barrow, 1978). This model requires a 
total of seven adjustable parameters, and the maximum adsorption value 
cannot be estimated by this model. The constant capacitance adsorption model 
(Goldberg and Sposito, 1984) requires three assigned values for the protonation 
and deprotonation of surface OH groups and capacitance, as well as three 
adjustable variables for describing pH-dependent adsorption. In this model, the 
maximum adsorption value is estimated by extrapolation. Although some of 
these models have been used in assessing PO/' and other oxyanion adsorption 
by soils, they are seldom used in evaluating SO^^' adsorption by soils. 
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MATERIALS AND METHODS 
Soils 
With the exception of Rathbun soils, which was obtained from a 
subsurface (35-60 cm) horizon in Iowa, the soils used in this work were surface 
(0-15 cm) soils selected to represent diverge soils with range of chemical and 
physical properties. They were collected in Iowa, Chile, and Costa Rica (Table 1). 
Analytical Methods 
In the analyses reported in Table 1, pH was determined by a combination 
glass electrode (soihwater or 0.01 M CaClg ratio, 1:2.5), organic C by the method 
of Mebius (1960), and inorganic C (i.e., calcium carbonate equivalent (CCE)) by 
the method of Bundy and Bremner (1972). Total N was determined by using 
the semimicro-Kjeldahl procedure described by Bremner and Mulvaney (1982), 
and inorganic N (NH^* and NOg") was determined by using the steam distillation 
methods described by Keeney and Nelson (1982). Total P was determined by 
the alkaline oxidation method of Dick and Tabatabai (1977), inorganic P by the 
method of Olsen and Dean (1965) as modified by Chae and Tabatabai (1981), 
and organic P by subtracting the value of inorganic P from that obtained for 
total P. Total S was determined by the NaOBr oxidation method described by 
Tabatabai (1982). Inorganic S (calcium phosphate extractable S) and organic S 
were determined by the methods described by Tabatabai (1982). Exchangeable 
K and Na were determined as described by Pratt (1965), exchangeable Ca and 
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Mg as described by Heald (1965), and cation-exchange capacity as described by 
Chapman (1965). Citrate-bicarbonate-dithionite-extractable Fe and A1 were 
determined by the method of Jackson (1958) but using atomic absorption 
spectrophotometry for determination of Fe and Al. Particle-size distribution 
was determined by using the pipette method of Kilmer and Alexander (1949). 
The analyses for organic C, total N, total P, inorganic P, and total and inorganic 
S were performed on < SO-mesh samples. All other analyses were carried out on 
< 2-mm samples. All results are reported are averages of duplicate analyses 
and expressed on a moisture-free basis, moisture being determined from weight 
loss after drying at 105°C for 48 h. 
Table 1. Description and properties of soils used 
Soil 
No. Series Subgroup Vegetation® 
Iowa soils 
1. Rathbun Aerie Ochraqualf Forest 
2. Ida Typic Udorthent Bromegrass 
3. Hayden Typic Hapludalf Red clover 
4. Downs Mollic Hapludalf Bromegrass 
5. Luther Aerie Ochraqualf Red clover 
6. Fayette Typic Hapludalf Quackgrass + bromegrass 
7. Pershing UdoUic Ochraqualf -
8. Tama Typic Argiudoll -
9. Lester Mollic Hapludalf Bromegrass 
10. Muscatine Aquic Hapludoll Bluegrass 
11. Nicollet Aquic Hapludoll Bromegrass 
12. Harps Typic Calciaquoll Grass 
13. Canisteo Typic Haplaquoll Bromegrass 
Chilean soils 
14. Alhue Xeric Durandept Summer fallow 
15. Constitucion Ultic Paleustalf Summer fallow 
16. Maipo Typic Xerofluvent Summer fallow 
17. Agua del Gato Typic Pelloxerert Subterranean clover 
18. ColhpuUi Typic Palehumult Summer fallow 
19. Santa Barbara Entic Dystrandept Summer fallow 
20. Osomo Typic Dystrandept Summer fallow 
Costa Rican soil 
21. La Pinera Ustoxic Plehumult 
^ -, indicates not known. 
53 
Organic CaCOg pH 
Previous year's history C equilvalent HgO CaClg 
Forest 3.8 0 4.6 4.0 
Com (imfertihzed) 6.0 8.70 7.4 6.7 
Red clover 8.0 0 5.8 5.1 
Com (fertilized, NHg) 10.0 0 6.4 6.4 
Red clover 13.0 0 6.4 5.6 
Uncropped (many years) 15.0 2.90 7.4 6.9 
- 15.7 0 6.0 5.2 
- 22.0 0 5.4 5.1 
Uncropped (many years) 34.0 0 6.6 6.1 
Uncropped (many years) 36.0 1.2 7.6 6.9 
Unfertilized plot 37.0 0 6.4 5.9 
- 37.3 1.13 7.9 -
Unfertilized plot 44.0 3.50 7.8 7.2 
Wheat-oat 14.0 4.20 8.0 7.4 
Subterranean clover-wheat 16.0 0 5.6 5.1 
Wheat-oat 20.0 3.50 7.8 7.1 
Wheat-oat + subterranean clover 28,0 3.50 7.8 7.5 
Wheat-oat + subterranean clover 34.0 0 5.7 5.1 
Wheat-oat + subterranean clover 84.0 0 6.0 5.4 
Wheat-oat + subterranean clover 84.0 0 5.3 4.9 
37.0 0 4.6 4.1 
Table 1. (Continued) 
Soil Exchangeable cations 
No. Series CEC^ Na K Ca Mg 
crnol, kg'^ 
Iowa soils 
1. Rathbun 22.2 0.1 0.1 9.2 3.6 
2. Ida 15.6 0.1 0.6 - 1.6 
3. Hayden 10.5 0 0.4 6.1 1.4 
4. Downs 17.0 0 0.4 10.1 2.6 
5. Luther 14.0 0 0.3 8.9 1.1 
6. Fayette 17.8 0.1 0.4 - 6.3 
7. Pershing 22.5 0.2 0.5 5.1 2.2 
8. Tama 18.6 0.1 0.5 9.2 1.9 
9. Lester 19.5 0 0.5 15.0 2.6 
10. Muscatine 35.0 0 0.5 - 1.2 
11. Nicollet 25.8 0 1.5 16.2 2.1 
12. Harps - - - - -
13. Canisteo 40.0 0 0.5 - 1.5 
Chilean soils 
14. Alhue 15.1 0.3 0.4 - L8 
15. Constitucion 9.3 0.1 0.1 5.9 2.1 
16. Maipo 18.4 0.6 0.8 - 2.1 
17. Agua del Gato 40.4 1.8 0.7 - 5.7 
18. Collupulli 28.2 0.2 0.3 10.8 2.1 
19. Santa Barbara 39.6 0.1 LI 10.7 1.4 
20. Osomo 52.4 0.1 1.5 9.7 1.7 
Costa Rican soU 
21. La Pinera 25.6 0.1 0.1 0.4 1.8 
^ CEC, cation-exchange capacity. 
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Nitrogen Phosphorus Sulfur 
Total NH/ NOg" Total Organic Inorganic Total Organic 
g kg'* mg kg * 
Iowa soils 
0.84 14 162 404 79 325 105 97 
0.78 4 0 753 41 712 140 138 
0.80 2 2 375 109 266 128 126 
1.06 9 6 423 174 249 196 189 
1.02 6 7 331 160 171 125 122 
1.75 5 12 431 197 234 226 221 
1.40 4 3 569 468 101 190 185 
1.90 7 31 493 330 163 240 230 
2.53 5 10 427 292 135 401 397 
2.50 6 5 493 326 167 348 345 
2.82 8 9 544 327 217 390 388 
3.67 3 7 926 473 453 518 -
3.79 4 4 600 353 247 479 473 
Chilean soils 
1.31 1 15 579 152 427 358 351 
1.19 6 31 263 109 154 159 154 
1.59 3 19 1407 160 1247 1692 1633 
2.97 6 27 757 303 454 626 502 
2.26 12 9 788 160 628 366 366 
6.13 8 21 1515 711 804 648 646 
7.61 20 80 1963 1196 767 894 892 
Costa Rican soil 
2.60 10 20 837 774 63 290 284 
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Table 1. (Continued) 
Soil CBD extractablé^ 
No. Series Fe A1 Clay Sand Water^ 
g kg-i 
Iowa soils 
1. Rathbun 0.71 1.06 337 365 180 
2. Ida 7.28 1.20 160 70 30 
3. Hay den 1.35 0.56 140 530 110 
4. Downs 10.10 1.03 240 40 60 
5. Luther 1.15 0.58 170 330 120 
6. Fayette 7.60 1.37 180 40 230 
7. Pershing 10.20 1.37 291 450 209 
8. Tama 8.17 1.371 23 5 8 
9. Lester 5.00 0.69 160 330 290 
10. Muscatine 4.95 1.03 280 40 230 
11. Nicollet 5.82 1.20 210 400 280 
12. Harps 1.42 0.69 280 300 180 
13. Canisteo 2.75 0.69 320 210 330 
Chilean soils 
14. Alhue 6.71 0.51 180 400 90 
15. Constitucion 4.89 0.69 140 640 10 
16. Maipo 14.00 0.69 280 230 190 
17. Agua del Gato 2.10 0.34 400 160 240 
18. Collupulli 65.40 7.03 420 220 160 
19. Santa Barbara 35.30 19.00 170 200 180 
20. Osomo 30.10 15.60 310 170 500 
Costa Rican soil 
21. La Pinera 67.70 17.00 660 120 420 
CBD, citrate-bicarbonate-dithionite. 
Water content when sampled. 
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PART L COMPARISON OF SOME METHODS FOR 
DETERMINATION OF SULFATE IN SOILS 
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INTRODUCTION 
Sulfate is present in soils as salts of various metals and the different 
metals associated with SO^^' may significantly affect the quantitative 
determination of 80^^ by many methods. Among the various forms of S, 80/ 
is the most widely distributed in nature. Commonly, water-soluble SO/' is 
extracted from soils with 0.1 M LiCl or 0.15% CaCl^, and the water-soluble 
and adsorbed SO/' are extracted with a solution containing 500 mg P L"^ as 
Ca(H2P04)2. 
A number of methods have been proposed for determination of 80/ in 
soils. These include gravimetric, turbidimetric and nephelometric, titrimetric, 
colorimetric, and ion chromatographic methods (Tabatabai, 1982). Each of 
these methods has advantages and limitations, especially when used for 
determination of 80/' in soil extracts. Metal ions present in soil extracts 
may interfere with 80/' determination by forming insoluble SO/' compounds. 
Sulfate may also coprecipitate with CaCOg, Fe, and A1 compounds. In studies 
involving SO/' adsorption by soils, the effect of metal ions on SO/' 
measurement by a specific method is usually ignored. Among the methods 
available, the reduction of SO/" to HgS and its colorimetric determination as 
methylene blue has proven the most accurate and sensitive method available 
for quantifying microgram amounts of SO/' in soil extracts (Johnson and 
Nishita, 1952). The methylene blue method, however, is not specific for SO/' 
and requires analytical skills in handling the apparatus used for the 
reduction of SO^^' to H^S for subsequent methylene blue color development. 
Ion chromatographic methods (Dick and Tabatabai, 1979) are specific for SO/ 
but require a relatively high initial cost. In addition, the solution injected for 
analysis must be low in organic materials and soluble salts. Turbidimetric 
(Tabatabai, 1974; Verma et al., 1977) and spectrophotometric (Flynn, 1977; 
Forbes, 1973; Hue and Adams, 1979) methods are also available for 
determination of SO^^', but they are subject to many interferences and 
limitations when used for determination of SO^^' in soil extracts. The 
turbidimetric methods are simple and fast, but accurate determination of 
80^^ by such methods requires formation of a uniform, finely distributed 
solid-phase BaSO^ in the dispersing solution. In addition, aggregation of 
colloidal BaSO^ and coprecipitation of ions should be absent. Indirect atomic 
absorption spectrophotometric method has been reported to give reproducible 
results (Hue and Adams, 1979), but its results have not been compared with 
the more commonly used methods. All methods involving Ba are subject to 
interferences by a number of ions and organic colloids (Beaton et al., 1968). 
To be able to study the effect of metal ions on adsorption by soils 
(described in Parts II and III of this work), an accurate method for 
determination of the 80^^' extracted with different reagents and in the 
presence of various metals was needed. Therefore, four analytical methods 
based on different principles were evaluated for determination of 
associated with various metals and of 80^^ extracted from soils by three 
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extractants. The general objective is to select a rapid and accurate method 
for use in the subsequent studies on the factors affecting adsorption by 
soils. 
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DESCRIPTION OF METHODS 
Soils 
The soils used were surface samples (0-15 cm) selected to give a wide 
range of chemical and physical properties. With the exception of Rathbun 
and La Pinera soils, all the surface soils described in Table 1 (Materials and 
Methods section) were used in this part of the work. 
Sulfate Extraction 
Sulfate in soil was extracted with one of the following reagents: 0.1 M 
LiCl, 0.15% CaClg, or 500 mg P L"^ as Cadl^PO^);. The soil extracts were 
obtained by shaking 20 g of soil (< 2 mm on an oven-dry basis) with 100 mL 
of extractant in a 250-mL French square bottle for 1 h at room temperature 
(23°C) by using an end-to-end shaker. The soil-solution mixture was filtered 
twice. First through a Whatman no. 42 filter paper and, the second time, 
through a 0.45-pm Metrical GA-8 membrane filter (Fisher Scientific Co., 
Itasca, IL). The filtrate thus collected was analyzed for SO^^' by the four 
methods described in the next section. 
Analytical Methods 
The SO/' in the extracts was determined by the following four 
methods: 
Methylene blue (MB) method 
In this method, SO^^' in the soil extract was reduced to HgS by a 
mixture containing HI-H3PO2-HCOOH followed by colorimetric determination 
of the HgS as methylene blue (Tabatabai, 1982). The apparatus used was a 
modification of the digestion-distillation unit designed by Johnson and 
Nishita (1952). Details of this apparatus are described by Tabatabai (1982). 
Briefly, in this method, an aliquot of soil extract containing 10 to 50 mg of 
SO/"S was pipetted into a 50-mL reduction-distillation flask. The volume 
was reduced to about 1 ml by heating the flask in an oven adjusted to lOO'C. 
Four mL of the reducing mixture (HI 50% H3PO4 and 90% HCOOH at a ratio 
of 4:1:2, respectively) were added to the flask. The flask was then connected 
to the apparatus and heated on a low flame for 1 hour. The HgS evolved was 
collected and determined as methylene blue as described by Tabatabai (1982). 
Ion chromatographic (IC) method 
Sulfate in the soil extract was determined as described by Dick and 
Tabatabai (1979). A Dionex Model 2002i was used. This instrument was 
fitted with a guard column (AG-3, 3X50 mm); an analytical column (AS-3, 
3x250 mm) packed with low-capacity anion-exchange resin; and an anion 
micromembrane supressor (AMMS-1). In this method, 2 mL of the soil 
extract was injected into the instrument to fill a 50-viL injection loop that is 
connected to the eluent flow path. The eluent (3.0 mM NaHCOg* 2.4 mM 
NagCOg) flow rate was kept constant at 2.2 mL min"' by a pulse-free pump. A 
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conductivity cell (set at 30 pS) and a computing integrator (Perkin-Elmer 
Model LCI-100) were used to detect and record peak heights. 
Turbidimetric (TP) method 
Sulfate was determined by measuring the turbidity formed when a 
mixture of BaClg and gelatin was added to an acidified soil extract 
(Tabatabai, 1974). In this method, an aliquot of soil extract containing 5 to 
100 pg of SO^^' was placed in a 50-mL Erlenmeyer flask. The volume (if less 
than 20 mL) was adjusted to the 20 mL mark by adding deionized water. 
Two mL of 0.5 N HCl and 1.0 mL of BaCl-gelatin reagent were added and the 
flask was swirled for a few seconds. After 30 minutes, the flask was swirled 
again and the turbidity of the mixture was determined by a Klett-Summerson 
photo-electric colorimeter fitted with a blue filter. 
Indirect atomic absorption spectrophotometric (SP) method 
In this method, BaClg was added to an aliquot of soil extract containing 
20 to 100 pg S04^' to precipitate as BaSO^ (Hue and Adams, 1979). A 
seeding solution (0.1 mL of saturated BaSOJ and 15 mL of 95% ethanol were 
used to enhance precipitation. Afl;er 15 min of shaking, the mixtures were 
centrifuged at 5000 x g for 30 min at 5°C. The Ba remaining in solution was 
determined by atomic absorption spectrophotometry. The amount of 80^^' in 
the soil extract was calculated from the difference between the amount of Ba 
added in the chloride form and that recovered. 
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Recovery of Metal Sulfates 
To evaluate the interference caused by metal ions, the recovery of 
SO^^'-S (32 lag) from salts of inorganic S compounds containing monovalent 
metal [KgSO^, CsgSO^, or LigSOJ, divalent metal [CaSO^, CuSO^, MgSO^, or 
ZnSOJ, or trivalent metal [Alg(S0j3, In2(S04)3, La2(S04)3, or Sc2(S04)3] was 
assessed by each of the methods described. Ammonium sulfate was used for 
comparison. The S compounds used were Fisher certified reagent-grade 
chemicals (Fisher Scientific Co, Itasca, IL) or obtained from Aldrich Chemical 
Co. (Milwaukee, WI). 
For all measurements, dilutions were made if needed so that the 
amount of present in the aliquot analyzed was within the linear range 
of the calibration graphs prepared with K2SO4 as a standard (Figure 1). 
Unless otherwise specified, all results reported are averages of duplicate 
analyses, expressed on an oven-dry basis (105°C for 48 h). 
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Figure 1. Standard curves of the methods used: MB, methylene 
blue; IC, ion chromatographic; TD, turbidimetric; and 
SP, spectrophotometric methods 
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RESULTS AND DISCUSSION 
Recovery of Sulfate by the Methods Evaluated 
The recovery of SO/' associated with mono-, di-, and tri-valent metals 
was quantitative by the MB method. But trivalent metals, such as Al, In, La, 
and Sc, decreased the recovery of SO^^^ by the other three methods (Table 2). 
The average recovery values of S associated with the trivalent cations were 
95, 89, and 88% by the IC, TD, and SP methods, respectively. The MB 
method has been shown to be free of metal interference (Tabatabai and 
Bremner, 1970). The reason that the IC method underestimated 80^^ in the 
presence of trivalent metal ions could be due to precipitation reactions with 
the alkaline eluent in the IC analytical column. Because the pH of the eluent 
used (2.4 mM NaHCOg + 3.0 mM NagCOg) is > 10, the trivalent metals 
associated with S that are soluble at low pH values precipitate when mixed 
with the eluent solution. Previous work indicated that metals that form salts 
with low solubilities may result in precipitation and occlusion of S04^" and, 
therefore, lead to underestimation of the SO^^' values (Tabatabai et al., 1988). 
This incomplete recovery of 80^^' in the presence of trivalent metal could be 
corrected for by either using the trivalent metal sulfate as a standard or by 
applying a correction factor obtained from the recovery values with respect to 
K2SO4 as a standard. 
The low recovery of 80^^' by the TD method could be due to formation 
of relatively large aggregates and occlusion of metal SO/' in the BaSO^ 
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Table 2. Recovery of SO/'-S from various salts (32 mg L"^) by 
different methods 
Sulfate 
in form 
specified MB 
K2804 100.0 
CS2S04 100.1 
LigSO, • 100.1 
(NHJ2SO4 100.0 
CaSO, 100.6 
CUSO4 100.0 
MgS04 99.7 
ZnSO^ 100.0 
AlaCSO^), 99.9 
1112(804)3 99.9 
La2(S04)3 100.1 
SCg(S04)3 100.0 
Method^ 
IC TD SP 
% 
100.0 100.0 100.0 
100.7 100.0 94.7 
100.0 100.0 99.6 
100.0 102.6 94.1 
98.5 103.0 97.8 
98.2 100.0 91.2 
100.7 100.7 96.0 
100.7 100.0 99.6 
94.2 89.5 91.2 
96.8 98.8 91.2 
93.3 84.6 86.0 
94.1 82.1 83.8 
® MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; 
and SP, spectrophotometric methods. 
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produced. The low recovery by the SP method could be due to the same 
mechanism described for the low recovery values by the TD method. 
Coprecipitation of SO^'' with metal ions in BaSO^ colloids will lead to 
proportionally greater recovery of Ba, which results in underestimation of the 
SO^'" present. 
Estimation of Sulfate in Soils 
Comparison of the results obtained for SO^^' in soils by the IC method 
were similar for the three extractants and comparable to those obtained by 
the MB method (Tables 3-5). The averages of SO/'-S values determined by 
the MB and IC methods for the Iowa soils by using the three extractants 
ranged from 5.7 to 6.5 mg kg'^ and, for Chilean soils, from 28.8 to 34.0 mg 
kg'\ In general, the individual values were not significantly different. 
Studies by Maynard et al. (1987) showed that SO/' in organic horizons of 
forest soils determined by the IC method (using eight extractants) were 
significantly less than the total S extracted, as estimated by an inductively 
coupled plasma emission spectrometry, suggesting that all the reagents 
studied extracted significant portions of the organic S in soils. Because the 
SO/' values by the IC and MB methods were not significantly different, it 
seems that no significant amount of Hl-reducible organic S was extracted by 
the reagents used in this study. 
The TD and SP methods gave variable results by use of the three 
extractants, and, with a few exceptions, the amounts of SO/'-S in soils 
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Table 3. Comparison of values in soils obtained by different methods 
(SO^^' was extracted with 0.1 M LiCl) 
Method® 
LSD 
Soil MB IC TD SP p<0.05 
mg S kg"^ soil — 
Iowa soils 
Ida 1.9 2.0 3.6 1.1 1.0 
Hayden 2.0 2.7 2.9 0.7 0.7 
Downs 6.1 5.9 2.3 5.2 1.1 
Luther 3.2 4.8 3.5 3,1 0.3 
Fayette 5.0 5.6 4.3 3,7 1.7 
Tama 10.3 10.0 6.7 12,9 3.7 
Lester 8.6 7.3 4.9 9,1 3.5 
Muscatine 5.2 6.7 4.5 1,3 0.9 
Nicollet 6.5 8.4 3,6 3,5 1.0 
Harps 6.6 7.3 3.8 2,9 0.5 
Canisteo 6.7 6.5 4.5 6,5 1.0 
Mean 5.7 6.1 4.1 4.5 
Chilean soils 
Alhue 7.2 6.4 5.6 7,7 0.3 
Constitucion 5.4 5.4 3.7 6,7 1.6 
Maipo 53.8 57.8 56.1 47,9 2.8 
Agua del Gato 133.7 137.4 144.8 153.5 8.5 
Collipulli 0.4 1.2 0.5 0,4 0.7 
Santa Barbara 1.8 1.0 0.8 0.4 1.1 
Osomo 1.9 1.1 1.4 0,2 0.8 
Mean 29.2 30.0 30.4 31.0 
® MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; and SP, 
spectrophotometric methods. 
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Table 4. Comparison of SO/'-S values in soils obtained by different methods 
(SO/' was extracted with 0.15% CaClg) 
Method® 
LSD 
Soil MB IC TD SP p<0.05 
mg S kg'^ soil — 
Iowa soils 
Ida 2.0 2.4 2.1 3.0 0.4 
Hayden 2.2 2.9 1.7 1.2 1.2 
Downs 5.8 6.3 3.2 2.0 0.2 
Luther 3.2 5.5 2.6 4.7 2.6 
Fayette 5.1 5.3 2.8 2.8 0.4 
Tama 9.5 8.6 6.8 5.7 1.7 
Lester 7.6 7.5 3.2 6.5 1.0 
Muscatine 6.4 7.3 4.2 4.2 1.5 
Nicollet 7.5 8.4 3.5 5.7 1.2 
Harps 7.0 7.8 3.9 4.0 0.7 
Canisteo 6.5 7.1 3.5 4.6 0.7 
Mean 5.7 6.3 3.4 4.0 
Chilean soils 
Alhue 5.8 6.4 5.5 6.5 1.0 
Constitucion 4.8 5.2 5.1 6.2 1.0 
Maipo 54.0 53.8 51.0 47.8 13.9 
Agua del Gato 136.5 131.1 119.0 104.1 16.7 
Collipulli 0.6 1.4 2.1 2.2 1.1 
Santa Barbara 2.1 0.8 0.7 0.2 0.5 
Osomo 2.0 0.9 0.4 0.2 0.5 
Mean 29.4 28.5 26.3 23.8 
® MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; 
and SP, spectrophotometric methods. 
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Table 5. Comparison of S0/ -8 values in soils obtained by different methods 
(80/' was extracted with 500 mg P L'^) 
Method^ 
LSD 
Soil MB IC TD SP p<0.05 
mg S kg'^ soil — 
Iowa soils 
Ida 2.2 1.7 2.9 3.0 0.5 
Hayden 2.1 2.8 2.9 1.3 0.5 
Downs 5.7 6.1 3.4 6.1 1.9 
Luther 4.0 4.0 2.0 3.0 0.3 
Fayette 5.3 7.1 6.4 3.7 2.1 
Tama 10.8 9.3 5.9 9.3 1.5 
Lester 7.6 6.8 3.4 5.0 0.8 
Muscatine 6.6 5.8 2.2 3.0 0.7 
Nicollet 7.5 7.4 3.9 3.3 0.3 
Harps 7.0 7.6 5.4 7.1 0.8 
Canisteo 6.2 6.2 2.9 2.7 0.9 
Mean 5.9 5.9 3.8 4.2 
Chilean soils 
Alhue 7.4 7.6 8.3 8.0 3.6 
Constitucion 5.3 4.8 3.4 4.6 1.4 
Maipo 53.2 55.9 50.0 57.2 3.3 
Agua del Gato 141.4 146.6 117.0 164.0 6.1 
Collipulli 3.3 4.2 2.9 3.4 1.7 
Santa Barbara 12.0 9.2 5.5 10.9 2.4 
Osomo 6.7 9.7 6.5 10.3 2.2 
Mean 32.8 34.0 27.7 36.9 
^ MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; 
and SP, spectrophotometric methods. 
obtained by these two analytical methods were significantly different from 
those by the MB and IC methods (Tables 3-5). The averages of 80/'-8 values 
in soils obtained by the TD method by using 0.1 M LiCl and 0.15% CaClg as 
extractants were 3.4 and 4.1 mg kg"^ for the Iowa soils and 26.3 and 30.4 mg 
kg'^ for the Chilean soils. The relatively high SO^^'-S values obtained for the 
Chilean soils (especially for Collipulli, Santa Barbara, and Osomo soils) by 
using 500 mg P L'^ as CadlgPO*); as an extractant suggest the presence of a 
significant amount of adsorbed 80/' in these soils. Adsorption of 80/' in 
soils is favored under strongly acid conditions (usually pH < 5.0), but becomes 
negligible at pH > 6 (Tabatabai, 1982). 
Statistical analyses showed that the 80/'-S values obtained by the 
four analytical methods using 0.1 M LiCl as an extractant were not 
significantly different at p < 0.05 for most of the Iowa and Chilean soils 
(Table 3). The 80/'-S values obtained by the four analytical methods using 
0.15% CaClg as an extractant were significantly different for the Iowa soils 
(except for Hayden and Luther soils), but were not significantly different for 
the Chilean soils (except for Santa Barbara and Osomo soils) (Table 4). 
Similarly, the 80/'-8 values obtained by the four analytical methods using 
500 mg F L'^ as an extractant were significantly different for Iowa soils 
(except Fayette soil), but were not significantly different for the Chilean soils 
(except for Agua del Gato and Santa Barbara soils) (Table 5). 
The SO/'-S values obtained by using the three extractants varied 
markedly for the TD and SP methods. In general, this divergence of results 
by using the three extractants increased with organic C content in the soils 
studied. The three solutions extracted different amounts of organic matter 
fractions that interfered with SO^^'-S determination by both the TD and SP 
methods. Because the TD method is based on turbidity and color 
measurement, it is affected by the color of the extracts. The extracts 
containing P were yellower than those obtained by the other two extractants 
used. The interference from colored compounds in the extract can be 
accounted for, however, by a pretreatment step to remove the color with 
charcoal or other absorbing materials or by correction for apparent turbidity 
in a control sample (prepared without BaClg addition). The latter approach 
was used because charcoal is not specific for color removal and might 
introduce measurement errors. In addition to interferences caused by organic 
compounds in soil extracts, the SP method involves many analytical steps, 
which leads to greater errors. 
The LSD test was used to compare the SO^^'-S values obtained by each 
analytical method using the three extractants (Tables 3-5). The results of 
this test are presented in Table 6, which shows that there was a significant 
difference (p < 0.05) between the SO^^'-S values obtained by using the MB 
method (use the LSD values in Table 6 to compare the SO/'-S values by each 
method. Tables 3-5). However, the SO^^'-S values obtained by the other three 
analytical methods (IC, TD, and SP methods) were not significantly affected 
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Table 6. Least significant difference (LSD) estimates among 
the three extractants (0.1 M LiCl, 0.15% CaClg, 
and 500 mg P L"^) for the methods tested 
LSD for the method specified^ 
Soil MB IC TD SP 
mg S kg"^ soil — 
Iowa soils 
Ida 0.2 0.4 1.4 0.5 
Hayden 0.2 0.2 1.1 1.9 
Downs 0.6 0.4 0.7 2.9 
Luther 0.5 1.4 0.5 3.7 
Fayette 2.1 1.0 2.2 3.5 
Tama 3.3 1.6 1.6 5.8 
Lester 2.0 0.2 0.5 6.3 
Muscatine 0.7 1.5 0.8 2.9 
Nicollet 1.2 1.2 1.6 1.9 
Harps 0.5 0.9 0.7 0.9 
Canisteo 0.9 2.1 1.8 1.6 
Chilean soils 
Alhue 1.3 5.0 2.7 0.5 
Constitucion 0.4 0.2 1.8 3.3 
Maipo 11.4 0.6 3.1 22.8 
Agua del Gato 7.9 11.4 9.3 22.8 
Collipulli 0.5 1.2 1.8 1.6 
Santa Barbara 4.0 0.7 0.6 1.4 
Osomo 0.4 0.5 3.6 2.5 
® MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; 
and SP, spectrophotometric methods. For the individual values 
obtained by each method using the three extractants, see Tables 3-5. 
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by the extractant used for about 50% of the Iowa soils and the majority of the 
Chilean soils (Tables 3-6). 
Accuracy and Precision 
The MB and IC methods were the most precise methods (Table 7). The 
coefficients of variation (CV) for results by the MB and IC methods were 
lower than those for the TD and SP methods. The CV values for the MB and 
IC methods ranged from 1.8 to 5.3%, and from 2.0 to 7.5%, respectively. The 
corresponding CV values for the TD and SP methods ranged from 4.4 to 
28.5% and from 6.6 to 49.6%. The high CV values obtained for Hayden soil 
by the TD and SP methods are due to the low concentration of SO^^' in the 
extracts of this soil. 
Repeated tests showed that the recovery of 80^^' (10 or 32 pg) added to 
soil extracts was quantitative (98-100%) by the four methods evaluated. 
Therefore, the high CV values associated with the TD method are due to 
variation among the replicated extracts rather than variation in the steps 
involved in determining the SO^^' extracted. 
Because of its simplicity, precision, and accuracy, the IC method 
discussed was used in all subsequent studies on factors affecting adsorption of 
SO/ by soils. 
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Table 7. Precision of methods 
SO^-S^ 
Extra-
Soil Method^ ctant® Range Mean SD CV%'^ 
Hayden 
Tama 
Maipo 
mg S kg'^ soil 
MB A 2.0-2.1 2.1 0.04 1.9 
B 2.1-2.2 2.1 0.04 1.9 
IC A 2.2-2.7 2.5 0.16 6.4 
B 2.3-2.9 2.6 0.19 7.5 
TD A 2.2-3.2 2.6 0.28 10.9 
B 1.5-3.6 2.9 0.83 28.5 
SP A 0.3-1.3 0.8 0.28 33.7 
B 0.3-2.2 1.3 0.66 49.6 
MB A 9.3-10.6 9.9 0.48 4.8 
B 9.5-10.3 10.2 0.54 5.3 
IC A 9.0-10.2 9.4 0.50 5.3 
B 9.1-9.9 9.3 0.46 5.0 
TD A 4.0-7.1 5.1 1.27 24.7 
B 4.8-7.3 5.9 1.17 19.9 
SP A 8.3-14.1 10.2 2.32 22.7 
B 7.1-10.1 8.8 1.07 12.1 
MB A 52.5-54.7 53.8 0.95 1.8 
B 51.9-54.0 52.8 1.00 1.9 
IC A 57.4-61.9 59.3 1.74 2.9 
B 54.0-57.3 55.9 1.14 2.0 
TD A 47.2-56.1 50.0 3.58 7.1 
B 48.0-53.6 50,0 2.19 4.4 
SP A 47.9-56.6 53.6 3.56 6.6 
B 52.1-61.7 57.2 3.92 6.9 
® Results of six replicated extractions and analyses. SD = standard 
deviation. 
^ MB, Methylene blue; IC, ion chromatographic; TD, turbidimetric; 
and SP, spectrophotometric methods. 
0.1 M LiCl; B, 500 mg P/L as CaCHaPO^)^. 
^ CV = Coefficient of variation. 
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PART IL EFFECT OF pH ON SULFATE ADSORPTION BY SOILS 
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INTRODUCTION 
Sulfate adsorption by soils and soil constituents is strongly pH 
dependent. Sulfate adsorption by soils is affected by pH through its effects on 
surface charge characteristics, and the most important parameter to describe a 
surface charge is the point of zero charge (PZC). Below the PZC, the surface is 
positively charged, and the positive charges increase with decreasing pH. 
Above the PZC, the surface is negatively charged, and the negative charges 
increase with increasing pH. The pH affects the positive and negative charges 
of soils through the proton transfer mechanism on organic matter, Fe and A1 
oxides, and edges of kaolinite (Kingston et al., 1972; Morais et al., 1976). The 
pH at which there is no effect of electrolyte concentration on anion adsorption 
is defined as the point of zero salt effect (PZSE). The PZSE is equal to the PZC 
if there is no specific adsorption, i.e., in the absence of surface complexes not 
containing H* or OH" (Sposito, 1981) or if adsorption occurs at uniform surfaces 
such as synthetic hydrous metal oxides (Bolan et al., 1986). 
In a soil system, however, the PZC may not be equal to the PZSE 
because even Na* and CI" are expected to form complexes with larger silicate 
and oxide minerals. Bolan et al. (1986) discussed the reasons for this 
inequality between the two measurements as follows: (1) the presence of 
permanent negative charge results in an increase in PZSE over the PZC; (2) the 
or OH' added may be consumed in reactions other than charge balancing; 
and (3) the selective adsorption of index ions during measurements may 
displace the PZC from PZSE. 
Adsorption of many anions (e.g., by soil minerals involves a two-
step ligand exchange reaction (Sposito, 1984). The first is the protonation step 
where H* adsorption renders the surfaces more positive. The second step is the 
formation of inner-sphere complex which can be described as follows: 
XOB.\is) + L""(aq) = XL^-°(s) + H^O [25] 
where X is a metal cation, XOH(s) is one mole of inorganic surface hydroxyl 
groups, and L°' is an inorganic anion of valance m. This type of adsorption 
renders the surface charge of the oxides more negative. Also, Sposito (1984) 
noted that in addition to the formation of inner-sphere complexes, 80^^' may 
also adsorb by forming an outer-sphere surface complex with the protonated 
hydroxyl group as follows: 
X0H+2(s) + L""(aq) = XOH^L^^Xs). [26] 
However, conflicting reports are available in the literature on 80^^' adsorption 
by soils and soil constituents. Although some studies postulated that 
adsorption of SO/" is nonspecific (Marsh et al., 1987; Mott, 1981), other studies 
considered 80^^' to be specifically adsorbed to the oxides surfaces, and 
therefore, altering the PZC (Parfitt and Smart, 1978; Rajan, 1978). 
The ionic strength affect adsorption reactions in soil through its effect on 
ion activities and equilibrium reactions (Smith and Martell, 1976) or through 
its effect on the distribution potential of the negative or positive surfaces 
(Barrow and Whelan, 1989; Bolan, 1986). Commonly, in the 80/ adsorption 
studies, the ionic strength of the equilibrium solution is maintained constant by 
adding a supporting electrolyte of indifferent ions to prevent changes in ion 
activity coefficients resulting from the addition of low to high concentrations of 
SO^^' or from the addition of various amounts of H* or OH" ion when adjusting 
the pH of the equilibrium solutions. 
Many studies are available in the literature on the effect of pH on SO/' 
adsorption by soils and soil constituents, and the effect of pH on the surface 
charge of soils is well documented (Bowden et al., 1980; Sposito, 1984), But 
very little is known of the effect of the concentration of the electrolyte and of 
the effect the valance of metal ions in the equilibrium solution on SO^^' 
adsorption by soils. Until recently, there have been no studies on the effect of 
ionic strength on the adsorption of 80/' (Bolan et al., 1986). Therefore, further 
experimental investigations that include the use of metal ions of various 
charges added at different electrolyte concentrations are needed. Such studies 
would contribute towards a better understanding of the mechanisms that are 
involved in SO/' adsorption by soils. The objective of this part of the study was 
to assess the effect of pH, ionic strength, and the composition of the equilibrium 
solution on SO/' adsorption by soils. Various SO/' salts are chosen to include 
metals of different valence: K*, Cs*, Ca^*, Mg^*, and In^*. Except for Cs" 
and In^*, these metals are most frequently used by researchers because they are 
among the dominant ions in soil solutions. Indium was used instead of Fe^* to 
represent the trivalent metal ions because it is more soluble and is not present 
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in soils in significant amounts. Furthermore, the rapid hydrolysis of Fe^* and 
consequent precipitation of Fe-hydroxides made it impossible to use FejCSOJa in 
such experiments. Ammonium sulfate was also included in this study because 
NH4* is commonly added to soils as a fertilizer. 
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DESCRIPTION OF METHODS 
Soils 
The soils used in this study were Pershing, Rathbun, Osomo, and La 
Pinera. These soils were selected because of their low pH values and because 
they gave a wide range of hydrous A1 and Fe oxides, organic matter, and clay 
content. Pershing and Rathbun soils were surface and subsurface (Bt horizon) 
soils from Iowa, respectively. Osomo soil was from Chile and La Pinera soil 
from Costa Rica. The pertinent properties of these soils are reported in Table 
1, Materials and Methods section. 
Reagents 
Stock solutions 
Seven SO^'^" salts [Cs^SO^, K^SO^, (NHJ^SO^, CaSO^, MgSO^, Al2(S04)3, 
and In2(S04)3] were chosen for this work to represent mono-, di-, and tri-valent 
metal ions. A sulfate solution (50 mM. 100 mmol, L'^) of each salt was made by 
dissolving the appropriate amount of reagent-grade salt in a 200-mL volumetric 
flask containing about 100 mL deionized water, and adjusting the volume with 
deionized water. 
One liter of sodium chloride (NaCl) solution (100 mM) was prepared by 
dissolving 5.8443 g of NaCl in a one-liter volumetric flask containing about 500 
mL deionized water, and adjusting the volume with deionized water. Another 
one liter of 10 mM NaCl was made by diluting 100 mL of the above solution to 
1 L with deionized water. 
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Working solutions 
Working standard 80^^' solutions were prepared from the stock solutions 
to give 1.0 mmol L"^ (2.0 mmol, L'^) in 1 or 10 roM NaCl background 
electrolye. 
Procedures 
Adjustment of the pH of the soil-solution mixture 
Preliminary experiments were conducted to estimate the amount of or 
OH" required to adjust the pH of the final equilibrium solution to a desired 
value by titrating the soil-SO^^' solution mixture with dilute HCl or NaOH. 
Two concentrations, 1.0 or 0.1 mmol, L'\ of the acid or base were used for these 
titrations to avoid dilution effects. 
Determination of PZC and specific surface area 
The electrical charges on the surfaces of soils were determined by an 
acid-base potentiometric titration procedure similar to the one described by 
Laverdiere and Weaver (1977). In brief, this procedure involves titration of a 5-
g (< 2 mm) soil sample in 50 mL of 0.01 M, 0.10 M, or 1.0 M NaCl with a 
standard 0.1 M HCl or 0.1 M NaOH by using a combination pH electrode. 
Continuous stirring was maintained by using a Teflon stirring bar and 
magnetic stirrer. Blank titrations were carried out on the same volume of NaCl 
solutions and the amount of H^ or OH" required to adjust the soil at a given pH 
was calculated. The amount of H* or OH" adsorbed by a soil at a given pH was 
taken as the amount added minus the amount of H* or OH' required to bring a 
blank solution of the same volume and salt concentration to the same pH value. 
The PZC of the soil was taken as the pH value where the charge vs. pH curves 
intersected. The specific surface area of the soils was measured by the ethylene 
glycol monoethyl ether (EGME) method of Carter et al. (1965). In brief, this 
method involves saturating a soil sample, previously dried in a desicator over 
PgOg, with EGME, placing it in another desicator containing CaClg (anhydrous), 
and applying vaccume to eliminate the excess EGME. From the weight of the 
EGME adsorbed, the specific surface of a soil was calculated. 
Determination of sulfate adsorption envelopes 
A 1-g of soil sample and 25 mL of 1.0 mM (50.0 mmol^ kg'^) of 80/' 
solution made in 1 mM NaCl were placed in a 50-ml plastic centrifuge tube. 
Eight tubes plus a control were prepared for each metal SO^^^' salt. For each 
tube, a predetermined amount of either an acid or a base required to adjust the 
soil-solution mixture to a desired pH value (ranging firom 3.5 to 7 at 0.5 pH 
increments) was added. The tube was then stoppered and placed in a 
temperature-controlled reciprocating shaker (New Brunswick Scientific Co. Inc., 
New Brunswick, NJ) for 24 hours at 25+1 "C. After this equilibration time, the 
tube was centrifiaged at 12,000 x g for 10 minutes. The pH and EC of the 
supernatant were measured, and the supernatant was filtered through a 0.45-
|im Metricel GA-8 membrane filter (Fisher Scientific Co., Itasca, IL) to remove 
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any particulate materials. The filtrate was stored at 4°C for subsequent 
determination of 80/' and metal (or NH/). Sulfate was determined by using 
the ion chromatographic (IC) method described in Part I. Calibration graphs 
were prepared for each of the salts. All of the SO^^' counter-ions (metals) 
were determined by using a Perkin Elmer Model 5000 atomic absorption 
spectrophotometer. The concentration of metals was calculated from calibration 
graphs prepared with standard solutions obtained from Fisher Certified Co. 
From the difference between the amounts of metal or (NH^*) or added and 
those recovered, the amounts adsorbed by soils were calculated. In addition to 
the 80/' counter-ion, the equilibrium solution was analyzed for the major metal 
ions: K, Ca, Mg, Fe, Al, and Mn. Ammonium was determined by a steam 
distillation method as described by Keeney and Nelson (1982). 
The same experiments of pH adjustment and measurement, 
equilibration, and filtration as described above were repeated except that the 
SO/' solutions used were made in 10 mM instead of 1 mM NaCl. Sulfate and 
metal adsorption vs. pH plots were constructed for each SO/' salt and soil at 
the two NaCl background concentrations. 
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RESULTS AND DISCUSSION 
Surface Charges 
When studying the effects of pH on SO^^' adsorption by a soil, the PZC 
must be considered first because the pH affects SO/' adsorption through its 
effect on the charge characteristic of the soil. The net electric charge for 
Pershing and Rathbun soils, as determined by potentiometric titration, are 
shown in Figure 2, and those for Osomo and La Pinera soils are shown in 
Figure 3. The determination of the PZC of Pershing soils was not attainable 
within a pH range from 3 to 8.5. For this soil, which is low in hydrous A1 and 
Fe oxides (Table 1), the PZC is apparently below pH 3 because of the large 
excess of negatively charged sites on organic matter and permanent charge 
minerals such as 2:1 clays. The presence of organic matter and permanent 
negative charge tend to shift the PZC to low pH values (Bolan et al., 1986; 
Lewis-Russ, 1991), and any positive charges that may develop by decreasing the 
pH will be balanced by the large excess of negative charges. Extrapolating the 
curves to lower pH values indicated that these curves will converge near pH 
2.5. Similar curves were obtained by Bolan et al. (1986) indicated that this pH 
value should be considered the PZC of the soil as a whole rather than the PZC 
of the pH-dependent charge components of the soil. For the other Iowa soil, 
Rathbun (Bt horizon), the potentiometric titration showed that the curves 
converged at pH values near 2.8. However, Rathbun soil contains insignificant 
amounts of organic matter. 
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Pershing soil 
O 0.01 M NaCl 
• 0.10 M NaCl 
V 1.00 M NaCl 
8 
Rathbun soil 
Figure 2. The net electric charge of Pershing and Rathbun 
soils as determined by potentiometric titration 
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Figure 3. The net electric charge of Osomo and La Pinera 
soils as determined by potentiometric titration 
For Osomo and La Pinera soils, the estimated PZC is around pH 4.0. 
Osomo soil contains relatively higher amounts of hydrous A1 and Fe oxides 
than Iowa soils. In addition, this soil contains high amounts of organic matter. 
However, it seems that at low pH values (< 4.0), large amounts of positive 
charges are developed to balance the negative charges on the organic matter 
and/or permanent charge minerals. La Pinera soil contains small amounts of 
organic matter, but contains the highest amounts of hydrous Fe and A1 oxides 
among the four soils used. The estimated PZC for this soil was around 4.0. 
Even though these curves show the net charge on the surfaces, all soils will 
carry both positive and negative charges within the pH range studied, and the 
positive charges decrease with increasing pH. Therefore, the co-existence of 
both positive and negative charges possible only when these charges are 
spatially separated on soil particles (Bolan et al., 1986). The surface area 
values for the four soils as measured by the EGME method were 51.0, 69.5, 
56.9, and 48.4 m^ g'^ for Pershing, Rathbun, Osomo, and La Pinera soils, 
respectively. 
Sulfate Adsorption 
The effect of pH, at two ionic strengths, on 80^^' adsorption by Pershing 
soil is shown in Figure 4. The corresponding results for Rathbun, Osomo, and 
La Pinera soils are shown in Figures 5, 6, and 7, respectively (Tables 20-23, 
Appendix). These curves were obtained for an initial 80^^' concentration of 2.0 
Figure 4. Relationship between sulfate adsorption and the equilibrium solution pH for Pershing soil as 
affected by the type and valence of the sulfate counter-ion (metal) and concentration of the 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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Figure 5. Relationship between sulfate adsorption and the equilibrium solution pH for Rathbun soil as 
affected by the type and valence of the sulfate counter-ion (metal) and concentration of the 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10,0 mM NaCl. Ammonium sulfate was used 
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Figure 6. Relationship between sulfate adsorption and the equilibrium solution pH for Osomo soil as 
affected by the type and valence of the sulfate counter-ion (metal) and concentration of the 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
Sulfate adsorbed (mmol^ kg ) 
Figure 7. Relationship between sulfate adsorption and the equilibrium solution pH for La Pinera soil as 
Eiffected by the type and valence of the sulfate counter-ion (metal) and concentration of the 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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mmolj L'^ (or 50.0 mmol, kg"^ soil) at two background electrolyte concentrations, 
1.0 and 10.0 mM NaCl. At the lowest equilibrium pH (ça. 3.5), by using 1.0 
mM NaCl background electrolyte, the maximum amounts of adsorbed 
varied from 3.5 mmol^ kg'^ for Rathbun soil when K* was the counter-ion to 36.1 
mmolg kg'^ for La Pinera soil when In®* was the counter-ion. At 10.0 mM NaCl 
background electrolyte, the maximum amounts of 80/' adsorbed varied from 
3.4 mmolg kg"^ for Rathbun soil when K* was the counter-ion to 31.8 mmolg kg'^ 
for Osomo soil when In®* was the counter-ion (Figures 4-7, Tables 20-23, 
Appendix). 
For all the SO^^* counter-ions used, the results showed that 80^^' 
adsorption was the highest at the lowest pH values (3.5) and decreased with 
increasing pH of the equilibrium solution (Figures 4-7). This decrease in 80^^' 
adsorption is probably due to the decrease in positive charges of the surfaces 
with increasing pH as shown by the potentiometric titration curves (Figures 2 
and 3). Many studies on 80^^' adsorption have showed that maximum 
adsorption occurs at low pH values (3.5 to 4.0) and decreases with increasing 
pH (Tabatabai, 1987). However, in some soils, 80^^' adsorption could be 
decreased at even lower pH values due to a dissolution of the adsorption 
surfaces as indicated by the sharp release of Fe and A1 into the equilibrium 
solution (Bolan et al., 1986; Courchesne, 1991). In the present study, this 
phenomenon was not observed even though the amounts of Fe and A1 released 
into the equilibrium solution were high (Table 24, Appendix). This may 
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indicate that the amounts of the adsorbing surfaces were not considerably 
affected by the addition of H*, and that considerable dissolution of the 
adsorbing sites could occur at pH values below 3.5. Similarly, one of the soils 
(Tokomaru, Typic Fragiaqualf) used by Bolan et al. (1986) did not show such a 
maximum at any background electrolyte concentration. 
The magnitudes of SO^^' adsorption by Osomo and La Pinera soils 
(Figures 6 and 7) were three to four times greater than those of both Iowa soils 
(Pershing and Rathbun, Figures 3 and 4, respectively), regardless of the type of 
the S04^'counter-ion. The higher 80^^' adsorption by Osomo and La Pinera 
soils reflects their content of hydrous Fe and A1 oxides, because they contain 
five to eight times more oxides of these elements than Iowa soils (Table 1). 
This reflects the fact that at lower pH values, more positive sites are available 
for SO^^' adsorption due to the higher content of hydrous oxides, which led to 
greater SO^^' adsorption. 
In addition to pH, the type and valence of the counter-ion and the 
concentration of the electrolyte in the equilibrium solution greatly affect the 
surface charge of soils (Bolan et al., 1986; Bowden et al., 1980) and, therefore, 
alter SO^^' adsorption behaviour. Increasing the concentration of the 
background electrolyte always decreased the amount of SO/' adsorbed. This 
could be due to increased CI' ion competition for the adsorption sites. Because 
the pH values are well above the PZC for Pershing and Rathbun soils, the 
increase in salt concentration could have resulted in additional negative 
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charges, thus decreasing adsorption. Similarly, Courchesne (1991) 
reported that increasing the ionic strength of the electrolyte decreased 
adsorption. In addition to the above explanation, he speculated that NaSO^' 
aqueous complexes might form at high salt concentration and thus compete 
with the 80^^' adsorption sites. For low electrolyte concentration, adsorption of 
the more highly charged SO4'' ion is favored over CI'. However, with increasing 
ionic strength, the DDL thickness decreases and CI" competes more with SO/' 
for the adsorption sites by mass action. Bolan et al. (1986) studied the effects 
of ionic strength on surface charge and adsorption of SO/ by soils. They found 
that SO/' adsorption decreased with increasing ionic strength up to pH 7, 
beyond which no SO/' adsorption was detectable. They suggested that the 
effect of ionic strength on SO/' adsorption is due to its effect on electrostatic 
potential in the plane of adsorption rather than its effect on the surface charge. 
Because SO/' adsorption always decreased with increasing ionic strength; it is 
adsorbed only when the surface potential is positive. Bolan et al. (1986) also 
suggested that SO/' is essentially adsorbed on positive sites because, at pH 
values where there was no effect of ionic strength on SO/' adsorption, SO/' 
adsorption decreased to a negligible level. 
The amounts of SO/' adsorbed from solutions containing different 
counter-ions was affected by the charge of the SO/' counter-ion and, in general, 
followed the order ^2(80^)3 > Al2(S04)3 > CaSO^ > MgSO^ > CsgSO^ > K^SO^ > 
(NH4)2804 (Figures 4-7). Also, for any counter-ion, SO/' adsorption decreased 
by increasing the concentration of the background electrolyte (NaCl) from 1.0 to 
10.0 roM. The effect of the counter-ion was more pronounced at higher 
pH values (pH > 5). Furthermore, Iowa soils (Figures 4 and 5) were more 
affected by the increase in the valence of the 80^^' counter-ion and the 
concentration of the background electrolyte than Osomo or La Pinera soil. 
As stated earlier, Iowa soils are low in hydrous A1 and Fe oxides and the 
sources of the net negative surface charge in these soils are possibly organic 
matter and/or 2:1 clays. Therefore, divalent and trivalent metal ions may act 
as bridges between the soil surfaces and , whereas monovalent metal or 
ions are adsorbed independently. The results also show that, in addition 
to the valence of the counter-ion, SO/' adsorption was affected by the type of 
metal and NH/ ions. For the monovalent counter-ions, 80/' adsorption in the 
presence of Cs* was greater than that in the presence of K* or Similarly, 
80/ adsorption values in the presence of Ca^* and In^"^ were greater than those 
in the presence of and Al^% respectively. These results show that, within 
the same counter-ion valance, the increase in SO/' adsorption increased with 
increasing in the ionic radius of the 80/ counter-ion (in 10'® cm: 1.33, 1.69; 
0.65, 0.99; 0.50, 2.00 for Cs^; Mgg^, Ca'^*; Al®"^, In®", respectively). 
The effect of the SO/" counter-ion on SO/ adsorption was similar, but 
greater, for Osomo and La Pinera soils (Figures 6 and 7). The effect of the 
electrolyte concentration, however, was not as distinct as for Pershing or 
Rathbun soils. This could be due to the high content of hydrous A1 and Fe 
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oxides of these soils that resulted in greater SO^^' adsorption. In addition, the 
relative change in ionic strength (Tables 20-23, Appendix) between the 1.0 and 
10.0 mM NaCl solutions was smaller in the case of Osomo and La Pinera soils 
than in the case of Pershing and Rathbun soils. Alternatively, the insignificant 
change in 80/^' adsorption with a small increase in electrolyte concentration for 
Osomo and La Pinera soils can be explained in light of the information 
provided by Bowden et al. (1980). They pointed out that the effect of changing 
electrolyte concentration of indifferent ions (e.g., NaCl) on ligand exchange 
reactions might not be obvious, especially if ion-pairs are formed. This is often 
true when the ion (e.g., SO/') concentration is kept at a low constant 
concentration relative to the bulk electrolyte concentration. 
Adsorption of Metal and Ammonium Ions 
The effects of pH and ionic strength on the adsorption of metal and NH/ 
counter-ions by Pershing, Rathbun, Osomo, and La Pinera soils are shown in 
Figures 8-11. For monovalent and divalent counter-ions, their adsorption 
increased with increasing pH of the equilibrium solution and decreased by 
increasing the electrolyte concentration from 1.0 to 10.0 mM NaCl. At low pH 
values, the amount of monovalent metal or NH^* ions adsorbed was similar to 
that of divalent metal ions adsorbed. This could be due to the fact that, at low 
pH values, more positive sites become available and the preferential adsorption 
of Ca^^ or Mg^* over the monovalent metal ions becomes negligible (Breeuwsma 
and Lyklema, 1973). However, the discrimination in the preferential exchange 
Figure 8. Relationship between metal adsorption and the equilibrium solution pH for Pershing soil as 
aHected by the type and valence of the metal and concentration of the background electrolyte. 
Closed symbols (solid lines) are for 1.0 mM NaCl as a background electrolyte; open symbols 
(dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used for comparison 
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affected by the type and valence of the metal and concentration of the background electrolyte. 
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Figure 10. Relationship between metal adsorption and the equilibrium solution pH for Osomo soil as 
affected by the type and valence of the metal and concentration of the background electrolyte. 
Closed symbols (solid lines) are for 1.0 mM NaCl as a background electrolyte; open symbols 
(dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used for comparison 
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reactions between divalent metals (e.g., Ca^* and Mg^^) and monovalent metals 
(e.g., K*), due to the heterogeneity of the adsorption sites, is well-documented in 
the literature (Beckett, 1964; Jensen, 1975; Munns, 1976). Nevertheless, with 
increasing pH, the decrease in competition of with metal ions is responsible 
for greater amounts of metal adsorption as compared with those at low pH 
values. 
As explained by Bowden et al. (1980), indifferent cations (cations that do 
not induce surface charge) such as Na* and K* are extremely weak acids. 
Therefore, they cannot dissociate from their surrounding sheath of water 
molecules until very high pH values are reached. Indifferent cations (metals) 
have either nonspecific adsorption or equivalent adsorption to the surface 
charge. In general, the common metals, Na'', K*, Ca^*, and Mg^^ are adsorbed 
by soil minerals when the surfaces are negatively charged. For minerals with 
pH-dependent charge, the negative charge density increases with pH. However, 
as stated earlier, specific adsorption of ions occurs regardless of the net particle 
charge and may even cause charge reversal. Calcium, and other alkaline 
earth metals can be specifically adsorbed by soils and soil constituents 
(Breeuwsma and Lyklema, 1973; Huang and Stumm, 1973; Kinniburgh et al., 
1975). Huang and Stumm (1973) have shown that the affinity of alkaline earth 
metals for hydrous Al-oxide is in agreement the with the ionic radius and is in 
the order: Mg^* < Ca^^ < 8r^* < Ba^*. 
For each mole of metal ion (M^*) adsorbed, approximately two moles of 
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H* ions are displaced from the surface. However, these metals can also be 
adsorbed as MOH* or M(0H)2° (Parfitt, 1980), depending on the pH of the 
equilibrium solution. 
For the trivalent metals, their adsorption varied depending on the metal, 
pH, and soil used. For Pershing soil, almost all (50 mmolg kg'^) of the added 
In^* of Al^* was adsorbed at pH > 4, with little decrease in adsorption below this 
pH value. For the other three soils, Rathbun, Osomo, and La Pinera, 
maximum adsorption of In^* and Al^* occurred between pH 4.5 and 5.5. In 
addition to increased competition by H* ions at lower pH values, dissolution of 
these oxides may have resulted in lower adsorption (Zhang et al., 1991). 
Aluminum hydrolysis reactions, by using thermodynamic data, have suggested 
that at pH values < 4.7, Al®"" is the predominant species; whereas at pH values 
between 4.7 and 6.5, A1(0H)2* is the predominant species (Linsay, 1979). At 
higher pH values, however, polymerization of the hydrolysis products and 
precipitation of A1(0H)3 may control the activity of Al^*. Only at pH values > 8 
does the soluble AKOH)/ species form. 
Results obtained in this study show that at pH values > 6, the 
adsorption of trivalent metal ions most often decreased. This could be due to 
the increased dissolution of organic materials during the adjustment of the pH 
of the soil-solution mixture by adding NaOH, and the consequent formation of 
soluble metal-organic complexes that, in turn, lowered the apparent adsorption 
of Al^". Kwong and Huang (1979, 1981) pointed out that although Al^* in soil 
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solutions undergoes hydrolytic precipitation reactions, organic ligands may form 
stable complexes with Al^* ions, and thus, may hinder these precipitation 
reactions especially at high pH values due to the formation of soluble metal-
organic complexes. Alternatively, the addition of OH' may have resulted in the 
formation of the soluble AKOH)^' species, which lowered Al®^ adsorption. 
Sulfate / Metal Adsorption Ratio 
The ratios of 80^^' to counter-ion (M) adsorbed as affected by pH and 
ionic strength for Pershing, Rathbun, Osomo, and La Pinera soils, are shown in 
Figures 12-15. In general, these figures show that as the pH of the equilibrium 
solution increased, the SO^^VM adsorption ratios sharply decrease up to pH 
values of 4.5 to 5.0, beyond which no significant change in these ratios 
occurred. At pH values above 5.0, however, the SO^'/M adsorption ratios were 
greater for the trivalent metals than for divalent metals, and were around zero 
for the monovalent metals. 
For Pershing and Rathbun soils, the maximum value of SO^^'/M 
adsorption ratio was less than 1.0. Furthermore, no significant change in the 
ratios occurred with higher electrolyte concentration (Figures 12 and 13). For 
Osomo and La Pinera soils, the adsorption ratios were much greater 
than those for Iowa soils and varied widely, depending on the metal and the 
electrolyte concentration (Figures 14 and 15). At pH values < 4.5, the increase 
in background electrolyte concentration from 1.0 to 10.0 mM NaCl resulted in 
greater SO^'fM. adsorption ratios. From the previous discussion, it was noted 
Figure 12. Ratio of sulfate to metal adsorbed by Pershing soil as affected by the equilibrium solution pH 
and concentration of the background electrolyte. Closed symbols (solid lines) are for 1.0 mM 
NaCl as a background electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. 
Ammonium sulfate was used for comparison 
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Figure 13. Ratio of sulfate to metal adsorbed by Rathbun soil as affected by the equilibrium solution pH 
and concentration of the background electrolyte. Closed symbols (solid lines) are for 1.0 mM 
NaCl as a background electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. 
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Figure 14. Ratio of sulfate to metal adsorbed by Osorno soil as affected by the equilibrium solution pH 
and concentration of the background electrolyte. Closed symbols (solid lines) are for 1.0 mM 
NaCl as a background electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. 
Ammonium sulfate was used for comparison 
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Figure 15. Ratio of sulfate to metal adsorbed by La Pinera soil as affected by the equilibrium solution pH 
and concentration of the background electrolyte. Closed symbols (solid lines) are for 1.0 mM 
NaCl as a background electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. 
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that the increase in background electrolyte concentration resulted in a decrease 
in the amount of both SO/'' and counter-ion adsorbed by the four soils. Results 
of the adsorption ratios obtained for Osomo and La Pinera soils 
indicate that at low pH values the effect of increasing the background 
electrolyte concentration was more significant for metal than for SO/' 
adsorption. For Pershing and Rathbun soils, however, the effect of the 
background electrolyte concentration was inconsistent, possibly due to the low 
values of the SO^'/M adsorption ratios of these soils (Figures 12 and 13). 
Distribution Coefïïcients 
The effect of pH on SO/' adsorption can be described by a simple anion 
exchange reaction, where SO/" is adsorbed by replacing OH' (or OHg) groups 
from the surfaces as follows: 
X-OH„ + SO4 ^ X-SO4 + aOH', [27] 
where, X is the surface containing adsorption sites, X-SO4 is the SO/' adsorbed 
by the surface, and a is the (hydroxyl) coefficient. 
The equilibrium constant for this reaction is: 
[X-SO4] [OH]" 
K = . [28] 
[X-OH]" [SO4] 
Then, by defining Kg, the SO/' distribution coefficient, as the ratio of X-SO4 to 
SO/' in the equilibrium concentration and by substitution into the equilibrium 
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constant for the above reaction, the following expression is obtained: 
log Kj = log [(K) X (X-OH„)] + a pOH. [29] 
By replacing pOH by 14-pH and by assuming a to be constant, the following 
expression is obtained: 
log Kd = log [(K) X (X-OH)„ - (14a)] - a pH. [30] 
The relationships between log Kj for SO^'' adsorption and the equilibrium 
solution pH for Pershing and Rathbun soils are shown in Figures 16 and 17, 
and for Osorno and La Pinera soils in Figures 18 and 19, respectively. These 
results show that, for all soils, a relatively linear relationship was obtained 
between log Kj and pH of the equilibrium solution when the SO/' counter-ions 
were monovalents, regardless of the concentration of the NaCl electrolyte. 
Similarly, when the SO/' counter-ions were divalents or trivalents, a relatively 
linear relationship was obtained between log and pH for Osomo soil. But 
curvilinear relationships were obtained for Pershing and Rathbun soils when 
the 80/' counter-ions were divalents or trivalents (Figures 16 and 17). 
By applying equation 30, the linear relationship between and pH of 
the equilibrium solution indicates that a is a constant when the term log 
[(K)x(X-0H„)-14a] is a constant (i.e., intercept). But the nonlinear plots 
obtained for SO/" adsorption indicate that a simple anion exchange is not the 
only reaction involved in SO/" adsorption. The failure of some of the data to fit 
Figure 16. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kj 
of sulfate adsorption and the equilibrium solution pH for Pershing soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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Figure 17. EfFect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kj 
of sulfate adsorption and the equilibrium solution pH for Rathbun soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
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equation 30 could be attributed to the violation of one or more of the 
assumptions made in deriving this equation. These assumptions are; (1) there 
must be a large excess of available exchange sites for ion adsorption, (2) the 
type of binding sites of the soil surface should be homogeneous (Anderson and 
Christensen, 1988), and (3) a is a constant. Apparently, some soils under 
certain conditions meet these requirements as is evident by the linear plots 
obtained in Figures 16-19. 
A similar ion-exchange model has been described to explain the effect of 
pH on metal adsorption by soils (Basta and Tabatabai, 1992). In this model, 
competition of protons with metal ions for cation-exchange sites is used to 
explain metal adsorption. The exchange reaction of a metal ion (M) present in 
the equilibrium solution can be presented as follows; 
X-H„ + M X-M + aH\ [31] 
where X represents the surface containing the adsorption sites, X-M is the 
metal adsorbed by the soil, and a is the proton coefiRcient. By defining Kj, the 
metal distribution coefficient, as the ratio of X-M to M concentration in the 
equilibrium solution, and by substitution into the equilibrium equation for the 
above reaction, the following expression is obtained; 
log Kj = log [(K) X (X-H„)] + a pH. [32] 
The relationships between log Kj for metal adsorption and equilibrium solution 
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pH for Pershing and Rathbun soils are shown in Figures 20 and 21, and for 
Osomo and La Pinera soils in Figures 22 and 23, respectively. These results 
show that for Pershing and Rathbun soils, relatively linear relationships were 
obtained between Kg and pH for the monovalent ions, regardless of the 
concentration of the NaCl electrolyte. For Osomo and La Pinera soils, slightly 
curvilinear relationships were obtained. Similarly, relatively linear 
relationships were obtained for the adsorption of the divalent metal ions by 
Pershing, Osomo (except at à high electrolyte concentration), and La Pinera 
soils, but a curvilinear relationship for the adsorption of these metals was 
obtained for Rathbun soil, and a parabolic relationship was obtained for the 
adsorption of Al^* and In^* by all soils. 
Even though equation 32 can be cautiously applied to the linear slopes 
obtained for some of the mono- and di-valent metal ions, it fails to describe the 
relationships for the tri-valent ions. Basta and Tabatabai (1992) pointed out 
some of the limitations of this approach to describe the pH-dependency of metal 
adsorption. The results obtained here may indicate that metal adsorption does 
not occur only by a simple exchange reaction, but that other mechanisms, such 
as complexation, chelation, dissolution, or precipitation reactions are involved. 
Such reactions could be responsible for the parabolic relationships obtained for 
the tri-valent metals by all soils. The Kj values for Al^* reached a maximum 
approximately between pH values 4.5 and 5.5. As previously discussed, below 
and above these values, hydrolysis and dissolution reactions may be involved. 
Figure 20. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kg 
of metal adsorption and the equilibrium solution pH for Pershing soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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Figure 21. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kj 
of metal adsorption and the equilibrium solution pH for Rathbun soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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Figure 22. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kj 
of metal adsorption and the equilibrium solution pH for Osorno soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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Figure 23. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between log Kj 
of metal adsorption and the equilibrium solution pH for La Pinera soil in the presence of 
background electrolyte. Closed symbols (solid lines) are for 1.0 mM NaCl as a background 
electrolyte; open symbols (dashed lines) are for 10.0 mM NaCl. Ammonium sulfate was used 
for comparison 
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One way to investigate the possibility of 80^^ and metal precipitation is 
through solubility product relationships (Adams and Rawajfih, 1977; Bolan et 
al, 1993). Precipitation of 80/ as gypsum is ruled out because the amount of 
80,^ or Ca^^ used (0.001 mM) were greatly below the concentrations required 
for the formation of gypsum (0.015 mM). Similarly, precipitation of 80^^' as 
basic A1 sulfates is also ruled out because the amount of Al^* used was below 
the concentration required for the formation of basic Al®" sulfate [A1(0H)80J, 
basalunite [Al4(OH)ioS04.5H20], or alunite [KAl3(0H)g(804)2] (0.018 mM) (Bolan 
et al., 1993). In addition, at any pH value, the concentration of either Ca^* or 
Al®^ released into the equilibrium solution was much less than the amount 
needed to form precipitates. For the other forms of 80/^' used, the solubility 
products were much greater than those of gypsum or basic Al^* compounds, and 
the formation of precipitates of any 80^^' form used in this study was ruled out. 
Another way to investigate the possibility of 80^^' precipitation is to 
superimpose the 80/' adsorption vs. adjusted pH curves onto generated 
solubility diagrams (Figures 24-26). To show the worst case scenario, the 
concentration values rather than activity values were used in preparing the 
solubility diagrams, because the concentration values are greater than the 
activity values. Probable solid phases of the metal-80/" compounds were 
determined from results of previous studies (Table 8) (Hogfeldt, 1982; Lindsay, 
1979; 8illen, 1964). 
The solubility diagrams show that the SO/' concentration in the 
Figure 24. Plots of sulfate solubility diagrams of KgSO^, CsgSO^, and (NH4)2S04 and results obtained 
from sulfate adsorption at various equilibrium solution pH values for the four soils studied. 
Sulfate was added at 1.0 mM (2.0 mmol^ L"^) of the salt indicated 
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Figure 25. Plots of sulfate solubility diagrams of CaSO, and MgSO, 
and results obtained from sulfate adsorption at various 
equilibrium solution pH values for the four soils studied. 
Sulfate was added at 1.0 mM (2.0 mmolg L'^) of the 
salt indicated 
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Figure 26. Plots of sulfate solubility diagrams of Al2(80j3 and 
1112(804)3 and results obtained from sulfate adsorption at 
various equilibrium solution pH values for the four soils 
studied. Sulfate was added at 1.0 mM (2.0 mmolg L"^) of the 
salt indicated 
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Table 8. Equilibrium constants of reactions used in constructing the 
solubility diagrams 
Equilibrium reaction log 
HaSO/ =5^ H" + HSO/ 1.98 
KSO4- + SO/- -0.85 
Soil-K ^ K+ -3.00 
NH4SO4- NH4+ + 80/- -1.11 
CSSO4- Cs+ + SO/- -0.50^ 
CaS04.2H20 (gypsum) Ca"+ + SO/ + 2H2O -4.64 
CaSO/ Ca"+ + 80/ -2.31 
Soil-Ca Ca^+ -2.50 
MgS04(c) Mg"+ + SO/- 8.18 
MgSO/ Mg^+ + SO/- -2.23 
Soil-Mg ^ Mg"+ -3.00 
A1(0H)3 (amorph) + 3H+ ^ Al"+ + SHgO 9.66 
A1(0H)3 (gibbsite) + 3H+ Al"+ + 3H2O 8.04 
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Table 8. (Continued) 
Equilibrium reaction log 
Al2(S04)3° ^ 2A1=+ + 1.88 
Also/ ^ Al"+ + SO/- -3.20 
AKSOJg Al"+ + 280/- -1.90 
In(0H)3(c) + 3H+ ^ In"+ + SHgO 8.65'= 
In2(S0j3 2In=" + 3S0/- -0.40® 
InSO/ In»+ + SO/- -1.85<= 
In(S0,)2- In'" + 2S0/ -0.75® 
^ Log K values from Lindsay (1979) unless specified otherwise, 10"^ M SO/'. 
^ Log K values from Hogfeldt (1982). 
® Log K values from Sillen and Martell (1964). 
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equilibrium solution is not involved in precipitation reactions with the 
monovalent metal ions and the formation of monovalent metal-ion pairs is not 
possible. Calcium added is controlled by soil-Ca^* and Mg activities is in 
equilibrium with soil-Mg. The concentrations of the divalent metal and SO/' in 
the equilibrium solutions suggest that they will form ion-pairs at any pH value 
if the metal concentration is maintained at 2.0 x 10'^ M (for Ca'^*) and 1.7 x 10"* 
M (for Mg^^). The equilibrium solutions of the monovalent metal-sulfate 
contain a relatively high concentration of divalent and trivalent metal ions 
derived from the solid phase, i.e., displaced by the monovalent ions. 
From this discussion, it was shown that precipitation reactions are not involved 
in 80/' adsorption under the experimental conditions described above. Also, a 
simple ion-exchange reaction could not account for SO/' adsorption from the 
various SO/' forms. Recent studies have proposed mechanisms to account for 
the increase in SO/' adsorption with increasing the valence of the SO/' 
counter-ion. Marcano-Martinez and McBride (1989) proposed a mechanism 
involving the adsorption of CaSO/ ion-pair on mineral surfaces to be 
responsible for the increased SO/' adsorption. Sulfate salts of monovalent 
metal ions may not form ion-pairs and, therefore, enhancement of SO/' is not 
expected. The divalent and trivalent metal ions can form ion pairs with SO/'. 
However, the formation of ion pairs is pH-dependent. In addition, the 
concentration of SO/' in the equilibrium solution was maintained at a low level 
(2.0 mmolg L'^). Bolan et al. (1993) pointed out that the formation of CaSO/ ion 
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pair is possible only at high concentrations (> 0.003 M Ca^*). Below this 
concentration, the formation ion pairs could not be significant. Therefore, they 
proposed a mechanism to explain Ca^*-induced SO^^'adsorption in soils at low 
levels of Ca^* in solution. According to this mechanism, soils containing high 
concentrations of hydrous oxides, specific adsorption of Ca^* onto the oxide 
surface increases the positive charge on the surface and, therefore, increases 
SO/' adsorption. However, this mechanism does not explain the enhanced 
SO/'" adsorption in the absence of specific adsorption of metal ions. As 
discussed earlier, metal ions could be adsorbed on the negative charge sites, 
especially in soils containing low concentrations of hydrous A1 and Fe oxides 
(i.e., Pershing and Rathbun soils). Marcano-Martinez and McBride (1989) 
speculated that Ca'^^ adsorption, even by soils high in hydrous A1 and Fe oxides, 
was by nonspecific electrostatic attraction to soil clay, whereas adsorption 
involved ligand exchange. Therefore, 80^^' adsorption can not be explained by 
one mechanism because various sites are involved in the adsorption process. 
The solubility product diagrams depict that the formation of divalent 
metal-SO^^' ion pairs is possible at any pH value if the concentration of Ca^* 
and Mg^* were maintained at 2.0 x 10 * M and 1.7 x 10"* ^ respectively. 
However, Ca^* and Mg^* adsorption by soils increases with increasing pH and 
adsorption of these metals reduces their concentration in the equilibrium 
solution, thus decreasing the formation of ion pairs. For the trivalent metal-
80/' salts, Al^* and AISO^* are dominant species at low pH values. In addition 
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to the fact that may act as a bridge between SO^ and the soil surfaces, 
AISO4* species may also adsorb to the surfaces, causing more adsorption. The 
solubility constants and hydrolytic reactions of In^* are similar to those of Al^* 
(David et al., 1989), and therefore, similar reasoning could be presented as for 
Al. 
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PART III. THE ROLE OF VALENCE OF SULFATE COUNTER-ION 
IN SULFATE ADSORPTION BY SOILS 
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INTRODUCTION 
The coordination of SO^'^' with cations on the soil surfaces could be 
explained on the basis of the hard/soft acid base principle (Pearson, 1968). 
Sulfate is a hard Lewis base having one or more pairs of electrons that are not 
already shared in covalent bond (Bohn et al., 1986). Sulfate tends to react 
rapidly with hard Lewis acids such as alkali and alkaline earth metals. 
Although this principle provides a means to explain the effect of the SO/' 
counter-ion on 80/ adsorption, this and other several proposed mechanisms 
explaining SO/' adsorption by soils and soil constituents are controversial. 
The increase in SO/' adsorption upon increasing the concentration of a 
metal ion (i.e., Ca^*) has been explained by one or more of the following 
mechanisms (Bolan et al., 1993): (1) specific adsorption of a multivalent 
counter-ion (metal) by hydrous oxides which increases the positive charges on 
the surfaces and, therefore, increases the adsorption of anions; (2) surface 
complexation reactions by which one metal (i.e., Ca^*) coordinates to two 
adsorbed anion groups (i.e., SO/'), thus reducing the repulsive forces between 
the anion groups that enhance further adsorption; (3) precipitation reactions 
with higher cation concentration at pH values above 7; and (4) formation of 
CaSO/ ion-pair that adsorbs to mineral surfaces. The formation of ion-pair is 
enhanced by increasing the concentration of the counter ion (i.e., Ca^"), which 
increases the adsorption of the anion (i.e., SO/'). This mechanism, however, is 
more probable at high concentrations of CaSO, where CaSO/ ion-pair could 
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form. 
Although the effect of metal ions on 80^' adsorption should have 
profound effects on 80^ adsorption and mobility in soils, little information is 
available on this subject. Further experimental investigations that include the 
use of metal ions of various charges (mono-, di-, and tri-valent metals) added at 
different concentrations would contribute towards a better understanding of the 
mechanisms that are involved in 80/' adsorption by soils. 
Several approaches can be followed in order to compare quantitative 
differences in 80^^ adsorption by soils in the presence of different counter-ions 
(metals). One approach is to equilibrate the soil with 80^^ solutions containing 
various metals at a constant temperature and compare the results as 
adsorption isotherms. A second approach is to use adsorption models available 
to describe the adsorption isotherm data and use the model that best fits the 
data. The third approach is to compare the parameters calculated from these 
models. Therefore, the objectives of this work were: (1) to assess the role of 
counter-ion (metal) adsorption in SO^^' adsorption by soils, and (2) to assess the 
effect of the valence of the counter-ion on 80/' adsorption by soils. This 
encompassed the study of metal-induced 80/ adsorption. The effects of metal 
ions on 80/" adsorption when 80/' and its counter-ion are added at equivalent 
concentrations will be compared with those when the counter-ion is maintained 
at a constant concentration, but the 80/' varied. Metal ions (except Cs* and 
In^^) chosen for this study are most frequently used by researchers, because 
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they are among the dominant ions in soils. Indium was used as a trivalent 
metal ion instead of Fe^* because it is more soluble. The rapid hydrolysis of Fe 
and consequent precipitation of Fe-hydroxides made it impossible to use 
Fe2(S04)3 in the adsorption experiment. 
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DESCRIPTION OF METHODS 
Soils 
The soils used in this study were Pershing, Rathbun, Osomo, and La 
Pinera. These soils were selected because of their low pH values and because 
they gave a wide range of hydrous A1 and Fe oxides, organic matter, and clay 
content. Pershing and Rathbun soils were surface and subsurface (Bt horizon) 
soils from Iowa, respectively. Osomo soil was from Chile and La Pinera soil 
from Costa Rica. The pertinent properties of these soils are reported in Table 
1, Materials and Methods section. 
Reagents 
Stock solutions 
Six S04^' salts [CS2SO4, K2SO4, CaSO^, MgSO^, Al2(S04)3, and In2(S04)3] 
were chosen for this work to represent mono-, di-, and tri-valent metal ions. 
Ammonium sulfate (NH4)2S04 was used for comparison because NH4* is 
commonly added to soils as a fertilizer. Except for CaS04, a sulfate stock 
solution (50 mM. 100 mmol^ L'^) of each salt was made by dissolving the 
appropriate amount of reagent-grade salt in a 200-mL volumetric flask 
containing about 100 mL deionized water, and adjusting the volume with 
deionized water. For CaS04, because of its low solubility (< 15 mM), no stock 
solution was made. To assure that all stock solutions contained the same 
amount of S04^', these solutions were analyzed for SO^' by the methylene blue 
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method as described in the Description of Methods of Part I. 
Metal-chloride solutions (100 mM) were prepared by dissolving the 
appropriate amounts of reagent-grade salts in a 200-mL volumetric flask 
containing about 100 mL deionized water, and adjusting the volume with 
deionized water. 
Working solutions 
Eight standard working solutions (0, 0.25, 0.5 1.0 2.0, 3.0, 4.0, and 
6.0 mM, corresponding to 0, 0.50, 1.0, 2.0, 4.0, 6.0, 8.0, and 12.0 mmol, 
L"^) were prepared from the stock solution. For CaSO^ salt, one liter of 10 mM 
was made and used for preparing the other working solutions. 
A second set of 80^^' working solutions were prepared to have the 80^' 
concentrations listed above, but with constant metal concentration. This was 
accomplished by adding the necessary amount of metal chloride to make the 
final metal concentration 6.0 mM with respect to the metal. 
Procedures 
Determination of adsorption isotherms 
8ulfate adsorption values were obtained by equilibrating a 1.0-g of soil 
sample in a 50-mL plastic centrifuge tube with 25 mL of one of the 80^^' 
working solutions described above. The initial pH was determined by a 
combination pH electrode after two min of stirring by using a Teflon stirring 
bar and magnetic stirrer. The tube was then stoppered and placed in a 
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temperature-controlled reciprocating shaker (New Brunswick Scientific Co. Inc., 
New Brunswick, NJ) for 24 hours at 25+1 "C. After equilibration, the tube was 
centrifuged at 12,000 x g for 10 min. The pH and EC of the supernatant were 
measured, and the supernatant was filtered through a 0.45-pm Metricel GA-8 
membrane filter (Fisher Scientific Co., Itasca, IL) to remove any particulate 
materials. The filtrate was stored at 4°C for subsequent SO/" and metal (or 
NH/) determination. Sulfate was determined by using the ion 
chromatographic (IC) method as described in Part I. Calibration graphs were 
obtained for each of the SO^^ salts. All metals were determined by using a 
Perkin Elmer Model 5000 atomic absorption spectrophotometer. The 
concentration of metals was determined firom calibration graphs prepared with 
standard solutions obtained from Fisher certified Co. From the difference 
between the amount of metal or SO^^' added and that recovered, the amount 
adsorbed by soils was calculated. 
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RESULTS AND DISCUSSION 
Sulfate Adsorption 
The effect of the SO/' counter-ion (metal) on SO^^' adsorption by 
Pershing and Rathbun soils when the SO^"' and its counter-ion were added at 
equivalent concentrations are shown in Figure 27. The corresponding results 
for Osomo and La Pinera soils are shown in Figure 28. For all SO^^' salts, the 
amounts of SO^^^' adsorbed by Pershing or Rathbun soils were considerably 
lower than those adsorbed by Osomo or La Pinera soils. The amount of SO^^^' 
adsorbed by Pershing soil at the highest SO^^' concentration in the equilibrium 
solution ranged from 7.2 to 19.4 mmol^ kg'^ soil when the counter-ions were 
and In^*, respectively. The corresponding values for Rathbun soil were 7.0 and 
18.2 mmolg kg'^ soil. The amounts of SO^^' adsorbed by Osomo soil at the 
highest SO^^^' concentration in the equilibrium solution ranged from 31.2 to 36.1 
mmolc kg'^ soil when the counter-ions were K" and In^*, respectively. The 
corresponding values for La Pinera soil were 30.6 and 50.0 mmol^ kg"^ soil when 
the counter-ions were K* and Al^*, respectively (Figures 27 and 28, Tables 25-
28, Appendix). The greater SO^^' adsorption by the latter soils is due to their 
greater contents of hydrous A1 and Fe oxides, and possibly their greater content 
of the more weathered type of clay minerals (i.e., the 1:1 type). 
As indicated by the shapes and locations of the adsorption isotherms, the 
amount of SO^^ adsorbed increased with increasing SO^^ concentration in the 
equilibrium solution. The nonlinear increase in SO^^^ adsorption can be 
Figure 27. Effect of sulfate counter-ion (metal) on sulfate adsorption isotherms for Pershing and Rathbun 
soils. Sulfate and metal were added at equivalent concentrations 
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Figure 28. Effect of sulfate counter-ion (metal) on sulfate adsorption isotherms for Osorno and La Pinera 
soils. Sulfate and metal were added at equivalent concentrations 
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attributed to the progressive decrease in the sites available for SO^^' adsorption 
from the equilibrium solution. The approachment of the adsorption isotherm 
curves to a plateau is indicative of a nearly saturation state, where most of the 
adsorption sites are filled. In general, adsorption by all soils equilibrated 
with different 80^^ concentrations showed a distinct initial increase in 
adsorption that progressively decreased with increasing concentration. 
However, no complete saturation state was observed. 
It has been noted that any adsorption isotherm falls into one of the four 
general classes according to their shape (Giles et al., 1960). These classes are 
named the S, L, H, and C isotherms. The first two are the Langmuir-type 
isotherms. The H-shape is the high affinity isotherm and the C-shape is the 
constant partition isotherm. The shapes of 80^^' adsorption isotherms fall 
mainly into the L-shape isotherm type (Figures 27 and 28). This type of 
isotherm is characterized by a high relative affinity of the soil surfaces for 80^^' 
at low surface coverage, and this affinity decreases as the surface coverage 
increases (Sposito, 1989). 
Figures 27 and 28 clearly show that the amount of 80^^^ adsorbed from 
different 80^^' forms was affected by the charge of the 80^^' counter-ion and, in 
general, followed the general order: In2(S04)3 > Al2(804)3 > Ca804 > Mg804 > 
CS28O4 > K28O4 > (NH4)2804. In addition, for metal ions of the same valence, 
864^' adsorption increased with increasing ionic radius of the counter-ion 
(metal); (in 10 ® cm: 2.00, 0.50; 0.99, 0.65; 1.69, 1.33 for In"\ Al"+; Mg^+; 
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Cs*, K*, respectively). A similar conclusion was reached in the studies of the 
effect of pH on and its counter-ion adsorption by soils (Part II). Similarly, 
Chao et al. (1963) studied the effect of some of these metals on adsorption 
by soils and found that the magnitude of 80/' adsorption from different salts 
was affected by both the type and charge of the 80^^ counter-ion and was in 
the order: Ca^* > K* > > Na*. Their explanation of this order was based 
on the ability of the counter-ions to form bridges between 80^^ and the soil 
surfaces. Alternatively, increases in charge or the size of the hydrated cation 
decreases the zeta potential of the soil colloids and, therefore, increases 80^^' 
adsorption. 
To be able to explain the differences in ion adsorption, it is useful to 
distinguish three types of ion adsorption, according to increasing strength of the 
bond between the ion and the adsorbing surfaces (8toop, 1980). The first is 
non-specific adsorption of monovalent ions, which occurs mainly in the diffuse 
part of the electrical double layer (i.e., electrostatic bonding). The second is 
specific adsorption of divalent ions (i.e., Mg^^, Ca^*, and 80^^'), which occurs 
mainly in the stem-layer. The third is specific adsorption of ions that occurs 
directly on the colloid surface (chemical bonding). Specific adsorption of 
divalent ions is significant in soils high in hydrous A1 and Fe oxides, and it is 
only of minor significance in 2:1 layer silicates (Breeuwsma and Lyklema, 1973; 
8toop, 1980). However, substantial amounts of the divalent ions, whether 
added or already present in the sample, will be specifically adsorbed in the 
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stem-layer. 
To date, several studies have been conducted to explain the mechanism 
by which a divalent metal ion, such as Ca?*, enhances adsorption by soils. 
Marcano-Martinez and McBride (1989) studied the adsorption of Ca®* and SO/' 
by two oxides when these ions were applied individually or as a salt 
(CaS04.2H20). They found that simultaneous adsorption of Ca^* and 80^^' from 
CaSOi solution was greater than the adsorption of each of these ions added as a 
salt of monovalent counter-ion (i.e., CaClg or KgSOJ. They proposed a 
mechanism of CaSO/ ion pair adsorption on mineral surfaces in which the 
presence of one ion facilitates adsorption of the other. However, they 
speculated that Ca^* adsorption was by nonspecific electrostatic attraction to 
soil clay, whereas 80^^' adsorption involved ligand exchange. 
Recent studies by Bolan et al. (1993) on SO/' and Ca^* adsorption by 
four soils, two of which were high in hydrous A1 and Fe oxides (an oxisols and 
an ultisol) as the major sources of variable charge suggested that, for soils that 
are high in hydrous oxides, Ca^* can be specifically adsorbed. Specific 
adsorption increases the net positive charge of the surfaces which, in turn, 
increases 80/ adsorption. According to Bolan et al. (1993), only at high 
concentrations ( > 0.003 M) is the formation and adsorption of CaSO/ ion-pair 
involved in SO/' adsorption enhancement. For the other two soils in their 
study, which were dominated by organic matter, Ca^" was complexed by organic 
ligands through electrostatic attraction. Thus, no additional charge was 
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created to induce SO/' adsorption. 
The effect of SO^^' counter-ion on SO/' adsorption isotherm for Pershing 
soils when the counter-ion was maintained at a constant concentration is shown 
in Figure 29. The corresponding results for Osomo and La Pinera soils are 
shown in Figure 30. For all soils, the isotherms of the SO/' adsorption, when 
the counter metals were trivalents, showed a very rapid increase at low SO/" 
concentrations (Figures 29 and 30, Tables 29-32, Appendix). This rapid initial 
increase in SO/' adsorption was attributed to the high affinity of the surfaces 
for SO/' adsorption. This initial increase in adsorption was even greater when 
these metals were maintained at a constant concentration (6.0 mM, 12.0 mmol^ 
L'^). For the divalent metals, maintaining a constant metal concentration 
increased the initial SO/' adsorption, but this increase in SO/' adsorption was 
less pronounced than that of the trivalent metal ions. For the monovalent 
metals, there was a slight increase in SO/' adsorption at the initial SO/ 
concentrations when metal concentration was maintained constant than when 
the metal and SO/' were added at equivalent concentrations. This divergence 
of the SO/' adsorption values of the two equilibrium systems described indicate 
that the increased concentration of monovalent metal ions may have resulted in 
displacing di- and tri-valent metal ions into the equilibrium solution which 
consequently formed metal-SO/" ion-pairs that enhanced adsorption. 
Figure 29. Effect of sulfate counter-ion (metal) on sulfate adsorption isotherms for Pershing and Rathbun 
soils. The metal was maintained at a constant concentration (12.0 mmolg L"^) 
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Figure 30. Effect of sulfate counter-ion (metal) on sulfate adsorption isotherms for Osorno and La Pinera 
soils. The metal was maintained at a constant concentration (12.0 mmolg L"^) 
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Metal Adsorption 
Expressed on equivalent basis, the isotherms for metal ion adsorption by 
Pershing and Rathbun soils are shown in Figures 31, and for Osomo and La 
Pinera soils are shown in Figures 32. The adsorption curves of the monovalent 
and divalent metal ions were slightly curvilinear for all soils and, in general, 
the adsorption curves for the divalent metal ions were higher than those for the 
monovalent ions. For the nono- and di-valent metals, the amounts of metal 
adsorbed, at the highest metal concentration, ranged from 35.0 mmol, kg'^ soil 
for Mg^* adsorption by La Pinera soils to 97.8 mmolç kg'^ soil for 
adsorption by Rathbun soil. Calcium adsorption values were similar for the 
four soils. Magnesium adsorption values were similar for Pershing and 
Rathbun soils and were greater than those obtained for Osomo and La Pinera 
(Figures 31 and 32; Tables 25-28, Appendix). 
Almost all the added In^* (300 mmol^ kg'^) was adsorbed by Osomo soil 
and about 260 mmol, was adsorbed by La Pinera soil (Figure 32). However, La 
Pinera soil contained high amounts of hydrous Fe and A1 oxides, which at low 
equilibrium solution pH (< 4) were positively charged and therefore A1 
adsorption by this soil was much lower than the other three soils. For A1 
adsorption by Osomo soil, and for A1 and In adsorption by Pershing and 
Rathbun soils, the adsorption isotherms were curvilinear with very high initial 
adsorption at the initial equilibrium concentrations. Similar adsorption 
isotherms for Ca^^ were obtained by Marcano-Martinez and McBride (1989). 
Figure 31. Adsorption isotherms of mono-, di-, and tri-valent metals for Pershing and Rathbun soils 
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Figure 32. Adsorption isotherms of mono-, di-, and tri-valent metals for Osomo and La Pinera soils 
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They suggested that the linear nature of the adsorption isotherm is due to the 
fact that Ca^^ adsorption is not limited by available sites. 
Many studies are available on the adsorption and exchange reactions of 
mono- and di-valent metal ions (Clark and Turner, 1965; Davis, 1943; Foscolos, 
1968; Galindo and Bingham, 1977; Goulding and Talibudeen, 1980; Sposito et 
al., 1983), and several lyotropic series have been reported for various types of 
soil components (Foscolos, 1968). Such lyotropic series, however, may vary 
from one soil to another and even for one soil component. For example, 
Foscolos (1968) reported lyotropic series for montmorillonite from Colony 
Wyoming soil (CEC= 90 meq/lOOg) to be in the order H < Na < Mg < Ca < K < 
Al. For montmorillonite from Otay California soil (CEC= 125 meq/lOOg), the 
lyotropic series was similar to the above except that Al < K For JefFersite 
vermiculite (CEC= 175 meq/lOOg), the lyotropic series was Mg < Ca < H < Al < 
Na. 
The relatively linear nature of the adsorption isotherm for the mono- and 
di-valent ions may indicate that adsorption is not limited by the available sites, 
and the preference in adsorption of divalent metals over the monovalent metals 
is due to the concentration-valency effect of the ion exchange. Adsorption of 
metals by Pershing soil was relatively higher than their adsorption by Rathbun 
soil because of the higher content of organic matter in Pershing soil (Figure 31). 
Similarly, because Osomo soil contained higher amounts of organic matter, 
metal ions adsorption was higher than their adsorption by La Pinera soil 
178 
(Figure 32). Marcano-Martinez and McBride (1989) found no difference in Ca^* 
adsorption between soil samples with high and low organic matter content (A 
and B horizons). They speculated that in samples containing higher amounts of 
organic matter, complexed Fe^* and present may block the exchange sites 
and, therefore, suppress Ca^* adsorption. These authors concluded that Ca 
adsorption occurred by nonspecific adsorption to soil clays. Blockage of the 
adsorption sites by the hydrous Fe and A1 oxides in La Pinera soil may be a 
reason for the low adsorption isotherms. It seems that In^* strongly competes 
with Fe or A1 because its adsorption isotherm was not affected. 
Sulfate / Metal Adsorption Ratios 
The effect of the type and valence of the 80^^' counter-ion (metal, M) on 
the relationship between metal and SO^^' adsorption by Pershing and Rathbun 
soils when the counter-ions were added at equivalent concentration are 
shown in Figures 33 and 34. The corresponding relationships for Osomo and 
La Pinera soils are shown in Figures 35 and 36, respectively. The ratios of 
adsorbed are shown in Table 9. These results show that for Pershing 
and Rathbun soils, the SO^'/M. adsorption ratios were similar, regardless of the 
counter-ion, and ranged from 6.4 to 11.8. For Osomo and La Pinera soils, 
these ratios were greater and, in general, increased with increasing valence of 
the 80^^' counter-ion. For Osomo soil, the SO^'/M adsorption ratios varied 
from 30.3 when K* was the counter-ion to 51.5 when In®* was the counter-ion, 
and for La Pinera soil, from 39.7 for K28O4 to 72.1 for Al2(S04)3. The high 80^^' 
Figure 33. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between metal and 
sulfate adsorbed by Pershing soil. Sulfate and metal were added at equivalent concentrations 
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Figure 34. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between metal and 
sulfate adsorbed by Rathbun soil. Sulfate and metal were added at equivalent concentrations 
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Figure 35. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between metal and 
sulfate adsorbed by Osomo soil. Sulfate and metal were added at equivalent concentrations 
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Figure 36. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between metal and 
sulfate adsorbed by La Pinera soil. Sulfate and metal were added at equivalent concentrations 
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Table 9. Effect of the type and valence of sulfate counter-ion 
(metal) on the initial linear slope of the realtionship 
between the amounts of sulfate and metal adsorbed 
by soils 
Soil 
Sulfate 
form Pershing Rathbun Osomo La Pinera 
sulfate/metal adsorbed® 
KgSO, 8.3 8.5 30.3 39.7 
CS2SO4 6.4 7.0 32.9 46.2 
(NH,)2804 9.7 10.9 44.2 48.3 
CaS04 11.8 11.6 39.1 51.5 
MgSO^ 9.6 9.3 39.8 68.5 
Al^CSOJg 7.4 7.6 48.7 72.1 
In2(S04)3 8.2 10.0 51.5 60.5 
® See Figures 33-36. 
^ Ammonium sulfate was used for comparison. 
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/M adsorption ratios for Osomo and La Pinera soils reflect their higher content 
of hydrous A1 and Fe oxides. Except for Cs* and In^*, the amounts of metal (or 
NH/) ions adsorbed by the four soils were similar (Tables 25-32, Appendix). 
Although the amounts of adsorbed metals were similar, it appears that they 
were adsorbed by different mechanisms. Metal ions were possibly adsorbed by 
electrostatic forces by clay minerals in Pershing and Rathbun soils and organic 
matter in Pershing soil. But in Osomo and La Pinera, specific adsorption of 
metal ions could have increased the positive charges of the surfaces, and 
because metal ions of higher valence induce more surface charges than those of 
lower valence, they are expected to further increase 80/' adsorption. 
The ratios of SO^^' adsorbed to metal adsorbed by Pershing and Rathbun 
soils when the 80/ counter-ion was maintained at a constant concentration are 
presented in Figure 37. The corresponding results for Osomo and La Pinera 
soils are presented in Figure 38. In general, these results show that the 
increase in SO/" adsorption did not affect metal adsorption. Only the 
adsorption of Ca'^* and Mg^* by Rathbun soil and In^* adsorption by Pershing 
soil showed an increase with increasing 80/" adsorption. For Osomo and La 
Pinera soils, adsorption of the divalent and trivalent metals always increased 
with increasing 80/" adsorption, and the adsorption of the monovalent metal 
ions was not affected by the increase in 80/" adsorption. 
On one hand, these results may indicate that 80/" is adsorbed by a 
ligand exchange mechanism that results in an increase in the negative charges 
Figure 37. Effect of the type and valence of counter-ion (metal) on the relationship between metal and sulfate 
adsorbed by Pershing and Rathbun soils. The metal was maintained at a constant concentration 
(12.0 mmolg L"^) 
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Figure 38. Effect of the type and valence of counter-ion (metal) on the relationship between metal and sulfate 
adsorbed by Osomo and La Pinera soils. The metal was maintained at a constant concentration 
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and, therefore, enhanced metal adsorption. If this is true, the increased 
negative charges should also increase the adsorption of the monovalent metal 
ions. On the other hand, the cooperative adsorption of metals and SO^'' as ion 
pairs could better explain these results. Because 80^^ and monovalent metals 
do not form ion-pairs, the increase in 80^^' adsorption did not affect their 
adsorption. However, the divalent and trivalent metals may form ion-pairs, 
and the increase in the concentration of one ion (i.e., 804^') enhances the 
formation of ion-piar and increases the adsorption of the divalent or trivalent 
metal ions. 
While these observations could be valid for Osomo and La Pinera soils, 
inconsistent results were obtained for Pershing and Rathbun soils (Figure 37). 
Pershing soil is dominated by organic matter that might form stable complexes 
with the trivalent or divalent metal ions. Therefore, the formation of ion-pairs 
is inhibited. Rathbun soil contains insignificant amounts of organic matter, but 
high amounts of montmorillonitic clay minerals. Trivalent metals could be 
strongly adsorbed by the soil clays. The divalent metals are adsorbed to a 
lesser extent than the trivalent metals. It seems that the adsorption of the 
divalent metals was not strong enough to prohibit the formation of ion-pairs as 
indicated by the increased adsorption of these metals. 
It has been established that the pH-dependent charge of soils is due to; 
(1) the reactions of the potential determining ions (i.e., H* and OH ) with 
surface hydroxyl groups such as XOH, and (2) the interaction of electrolyte ions 
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with surface hydroxyl groups (Sposito, 1984). The adsorption of SO^' ions may 
involve the formation of surface complexes in the protonated form (i.e., HSO^^^') 
as follows (Davis and Leckie, 1980): 
XOH + H^ + HSO; XOH2+. H80/ [33] 
or may involve the formation of bidentate or bridging surface sites (Kingston 
et al., 1974): 
XOH2+ 
(X0H)2 + 2H+ + SO^"- =5=^ [34] 
X(3H^ 
The stoichiometry of reactions involved in cation adsorption can be estimated 
by measuring the amount of H* released, whereas the extent of adsorption 
can be estimated from the amount of H* consumed (or OH' released) during the 
adsorption process. The change in pH between the initial pH (one minute after 
adding 80/^' salt) and the final pH (equilibrium solution pH) for the four soils 
using various 80/' salts are listed in Table 10. The release of OH', as 
indicated by increasing the pH of the equilibration solution relative to the 
initial pH (indicated as negative values in Table 10) is assumed to be caused by 
exchange (adsorption) with 80^^'. The change in pH caused by the various 
metal sulfates studied salts varied widely among the soils. Except for Al2(804)3, 
the change in pH of Pershing, Osomo, and La Pinera soil-solution system was 
Table 10. Effect of the type and valence of sulfate counter-ion (metal) on the ApH values of soil-
solution mixtures equilibrated for 24 hours at 25°lC 
K2SO4 CS2SO4 CaSO^ MgSO^ AlglSO^)^ In2(S04)3 
Sulfate 
Soil® added A^B'^AB A B A B A B A B 
Pershing 
0.5 -0.14 -0.14 -0.08 -0.06 -0.11 -0.06 -0.18 -0.37 0.08 -0.31 -0.17 -0.75 
1.0 -0.15 -0.14 -0.18 -0.01 -0.12 -0.18 -0.30 -0.43 0.09 -0.32 -0.20 -0.68 
2.0 -0.13 -0.09 -0.08 -0.02 -0.27 -0.16 -0.18 -0.30 0.04 -0.04 -0.20 -0.55 
4.0 -0.12 -0.21 -0.12 -0.03 -0.33 -0.08 -0.22 -0.20 0.05 0.00 -0.18 -0.45 
6.0 -0.17 -0.22 -0.16 0.11 -0.23 -0.11 -0.37 -0.19 0.10 0.04 -0.16 -0.32 
8.0 -0.18 -0.17 -0.16 0.18 -0.23 -0.20 -0.27 -0.20 0.10 0.10 -0.14 -0.26 
12.0 -0.19 -0.16 -0.08 -0.20 -0.14 -0.15 -0.18 -0.19 0.12 0.11 -0.11 -0.17 
m 
0.5 0.02 -0.31 0.15 0.00 -0,03 -0.12 0.01 -0.30 0.19 -0.17 -0.14 -0.35 
1.0 0.04 -0.16 0.16 0.01 -0.03 -0.09 0.03 -0.22 0.19 -0.09 -0.17 -0.39 
2.0 0.05 -0.09 0.16 0.03 -0.03 -0.05 0.01 -0.13 0.20 -0.05 -0.18 -0.32 
4.0 0.04 -0.05 0.14 0.07 -0.04 0.02 0.02 -0.06 0.19 0.02 -0.18 -0.23 
6.0 0.04 -0.04 0.15 0.10 -0.03 0.02 0.04 -0.02 0.19 0.11 -0.24 -0.18 
8.0 0.02 -0.02 0.13 0.10 -0.03 0.02 0.01 0.03 0.19 0.11 -0.28 -0.18 
12.0 0.02 0.01 0.13 0.11 -0.04 0.03 0.02 0.06 0.20 0.12 -0.39 -0.16 
Osomo 
0.5 -0.10 -0.29 -0.04 -0.07 -0.07 -0.16 -0.04 -0.25 0.19 -0.30 -0.67 -0.27 
1.0 -0.11 -0.26 -0.01 -0.04 -0.07 -0.14 -0.06 -0.22 0.20 -0.38 -0.64 -0.58 
2.0 -0.11 -0.21 -0.03 0.00 -0.06 -0.14 -0.08 -0.20 0.19 -0.41 -0.61 -0.85 
4.0 -0.11 -0.18 -0.05 0.00 -0.07 -0.08 -0.06 -0.13 0.2 -0.23 -0.69 -0.63 
6.0 -0.12 -0.15 -0.05 -0.02 -0.06 -0.06 -0.05 -0.09 0.19 -0.07 -0.64 -0.83 
8.0 -0.10 -0.16 -0.04 -0.02 -0.06 -0.09 -0.05 -0.07 0.19 0.03 -0.64 -0.71 
12.0 -0.11 -0.14 -0.06 0.00 -0.07 -0.06 -0.04 -0.07 0.22 0.07 -0.62 -0.64 
era 
0.5 -0.08 -0.24 0.05 0.03 -0.11 -0.13 -0.07 -0.35 0.16 -0.25 -0.50 -0.35 
1.0 -0.07 -0.18 0.04 -0.03 -0.14 -0.15 -0.08 -0.26 0.16 -0.09 -0.50 -0.36 
2.0 -0.09 -0.18 0.04 -0.04 -0.17 -0.11 -0.08 -0.21 0.15 0.00 -0.49 -0.33 
4.0 -0.12 -0.17 0.05 -0.02 -0.21 -0,06 -0.07 -0.16 0.16 0.06 -0.48 -0.49 
6.0 -0.12 -0.15 0.02 -0.01 -0.20 -0.04 -0.07 -0.11 0.16 0.06 -0.46 -0.49 
8.0 -0.10 -0.15 -0.04 0.01 -0.19 -0.05 -0.07 -0.10 0.15 0.07 -0.41 -0.50 
12.0 -0.10 -0.13 0.02 -0.01 -0.17 0.03 -0.08 -0.07 0.12 0.05 -0.37 -1.52 
^ See Tables 22-25, Appendix, for pH values. 
^ A indicates change in pH before and after equilibration for 24 hours at 25°C when the sulfate and its 
counter-ion were added at equivalent concentrations. 
^ B indicates change in pH before and after equilibration for 24 hours at 25°C when the metal was 
maintained at a constant concentration (12.0 mmol^ L'^). 
197 
always negative and, in general, decreased with increasing metal sulfate 
concentration. In the case of Rathbun soil, the change in pH was inconsistent 
between the various SO^!' forms. Except for In2(S04)3 and Al2(S04)3, however, 
the change in pH values were near zero (Table 10). 
The potentiometric titration curves (Figures 2 and 3, Part II) suggested 
that the four soils contained various amounts of variable and permanent charge 
minerals. The sign and magnitude of the change in pH may reflect the type 
and amount of the surface charge of the soil. The high negative change in pH 
(as in the case of 102(804)3) indicates that 80^^' adsorption was faster than the 
counter-ion adsorption, or that more OH" was released than H*. A positive 
change (decrease) in pH indicates the opposite (i.e., the adsorption of the 
counter-ion was faster or greater than the adsorption of SO/'). However, these 
numbers are difficult to interpret because the change in pH was greatly 
affected by the form of 80/ added (Tables 25-32, Appendix). The addition of 
Al2(804)3 and In2(S04)3 solutions to the soils resulted in an instantaneous drop 
of one to two pH units suggesting rapid Al®^ and In®^ adsorption (exchange) and 
the consequent release of H"^. In addition to displacement of the exchangeable 
H* from the surfaces, the hydrolytic reactions of Al^* or In^* result in the release 
of three H" from three HgO molecules (i.e., the formation of A1(0H)3 or In(0H)3). 
Sulfate adsorption by ligand exchange results in the release of OH" as 
reflected by the increase in pH. The reported pH values (Tables 25-32, 
Appendix) show that there was a slight increase in pH with increased SO/' 
198 
adsorption by the four soils in the presence of the various forms. 
Application of models to sulfate and metal adsorption 
Sulfate adsorption by soils can be better understood by fitting the 
adsorption isotherm data into models developed to describe the adsorption 
process. Several models have been developed to describe ion adsorption by 
soils. The distribution coefficient, K^, is the simplest model and for SO/' 
adsorption by soils, a simple reaction can be written as follows: 
SOA.,) SO.%a, [35] 
where SO^^'^^q) and represent the amounts in aqueous phase (nunolc L"^) 
and that adsorbed by soil (mmol^ kg'O, respectively. The distribution 
coefficient, in L kg'\ is then defined as: 
[SO.Vds)] 
Kj = • [36] 
[SO,^(aq)] 
The Kj value is highly dependent on the conditions under which it is measured 
(e.g., pH, ionic strength, initial concentration of the adsorbing ion, and 
temperature). The effect of initial SO^^' concentration on values for Pershing 
soils when SO^^' and metal ions are added at equivalent concentrations is 
shown in Figure 39. The corresponding results for Pershing, Osomo, and La 
Pinera soils are shown in Figures 40, 41, and 42, respectively. These results 
Figure 39. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, K^, for Pershing soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 40. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, K^, for Rathbun soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 41. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for Osomo soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 42. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for La Pinera soil. 
Sulfate and metal were added at equivalent concentrations 
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show that for Pershing and Rathbun soils, there was little, if any, effect of 
initial SO^^' concentration on the values when mono- and di-valent metals 
were the sulfate counter-ions. The tri-valent metal as counter-ions increased 
values at the low initial SO/' concentrations up to 2.0 mmol^ L'^ and followed a 
slight decrease with increasing the initial SO/' concentration (Figures 39 and 
40). The Kj values obtained for the other two soils, Osomo and La Pinera, 
were four to five times greater than those obtained for Pershing and La Pinera 
soils. However, the Ky values obtained for Osomo and La Pinera soils 
decreased sharply with increasing initial SO/' concentration (Figures 41 and 
42). 
Comparing these results to those obtained when the counter-ions were 
maintained at a high, but constant, concentration (Figures 43-46) provide 
strong evidence for metal-induced SO/" adsorption. Sulfate adsorption in the 
presence of high metal ion concentrations was always greater than its 
adsorption in the presence of low metal ion concentrations. These results were 
more pronounced at low initial SO/' concentrations. 
The relationships between Kj values of metal adsorption and initial 
metal concentrations for Pershing soil are shown in Figure 47. The 
corresponding results for Rathbun, Osorno, and La Pinera soils are shown in 
Figures 48, 49, and 50, respectively. These figures show that Kj values of 
metal adsorption were the greatest at the lowest initial metal concentrations 
and decrease sharply with increasing initial concentration. Except for the 
Figure 43. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for Pershing soil. 
The metal was maintained at a constant concentration (12.0 mmolg L'^) 
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Figure 44. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for Rathbun soil. 
The metal was maintained at a constant concentration (12.0 mmol^ L'^) 
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Figure 45. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for Osomo soil. 
The metal was maintained at a constant concentration (12.0 mmolg L"^) 
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Figure 46. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial sulfate concentration and sulfate distribution coefficient, Kj, for La Pinera soil. 
The metal was maintained at a constant concentration (12.0 mmoYg L"^) 
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Figure 47. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial metal concentration and metal distribution coefficient, Kj, for Pershing soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 48. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial metal concentration and metal distribution coefficient, Kj, for Rathbun soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 49. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial metal concentration and metal distribution coefficient, Kj, for Osomo soil. 
Sulfate and metal were added at equivalent concentrations 
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Figure 50. Effect of the type and valence of sulfate counter-ion (metal) on the relationship between the 
initial metal concentration and metal distribution coefficient, Kj, for La Pinera soil. 
Sulfate and metal were added at equivalent concentrations 
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values obtained for Al^* adsorption by La Pinera soil, the values obtained for 
the trivalent metals were many times (up to 100 times) greater than those 
obtained for the mono- and di-valent counter-ions. La Pinera soil contained 
about 6.8% of A1 and Fe as hydrous oxides, as estimated by the dithionite 
extraction (Table 1), and, therefore, the addition of small amounts of Al^* to the 
soil-solution system is not expected to significantly affect the distribution 
coefRcient of this metal. 
Studies on anion adsorption reported that values decreased as the 
surface coverage of the surface by anions increased (Ballistrieri and Chao, 1987; 
Holford et al., 1974). The decrease of Kj values with increasing initial ion 
concentration can be attributed to the affinity of the ion for highly selective 
sites (specific adsorption) at low concentration, followed by adsorption of ions by 
less selective sites as with increasing its concentration (nonspecific adsorption) 
(Basta and Tabatabai, 1992). When SO^^' and metal ions were added at 
equivalent concentrations, there was little to no decrease in the Kj values with 
increasing initial concentration. Only at a high metal concentration, was there 
a considerable decrease in with increasing initial 80^^' concentration. Also, 
it should be noted that if SO^^' adsorption at low initial concentration is only by 
ligand exchange mechanism, then the relationship between Kg and initial SO/' 
concentration should be the same regardless of the concentration of the metal 
ion. 
In summary, the increase in the valence of the SO/' counter-ion has 
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resulted in greater values at any initial SO^^' concentration. For sulfates of 
di-valent and tri-valent metal ions, the large increase in values at the low 
initial SO^^' concentration was possibly due to the increase in the adsorption 
sites that resulted from the adsorption of those metal ions. These metals were 
possibly involved in bridging or coordination reactions, coadsorbed as ion pairs, 
or were specifically adsorbed, thus increased the positive charges on the 
surfaces. However, the Kj values are of limited use in summarizing the 
isotherm data because, in general, the values decrease as the surface 
coverage of anions increases (Sposito, 1982). Therefore, the values are 
useful in the descriptive analysis of the adsorption data, but they do not 
provide any information about the mechanisms involved in the adsorption 
process. 
The S04^' adsorption isotherm data were fitted to the "one-surface" 
Langmuir equation which is expressed as follows: 
C/X = yÇkXJ + il/KJC, [37] 
where C is the concentration of SO^^' in equilibrium solution (mmol^ L'^), 
X is the amount of 80^^' adsorbed (mmol^ kg'^ soil), is the adsorption 
maximum (mmol^ kg"'), and k is the bonding energy coefficient (reciprocal mmni 
L'^). The slope (1/X^) and intercept (l/(kX^)) of linear graphs obtained firom 
plotting C/X against C were used to calculate X^ and k. 
The effect of the type and valence of sulfate counter-ion (metal), added at 
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equivalent concentrations, on the Langmuir isotherms of SO^^' adsorption by 
Pershing and Rathbun soils and by Osomo and La Pinera soils are shown in 
Figures 51 and 52, respectively. The calculated "one-surface" Langmuir 
adsorption parameters X,, and k are presented in Table 11. These results show 
that the affinity of adsorption by soils in the presence of trivalent metal 
ions was high, as reflected by the large adsorption maxima, X^, values. The 
values varied from 14.9 mmol^ kg'^ for Rathbun soil when Cs* was the counter-
ion to 303.0 mmolc kg"^ for Osomo soil when In^* was the counter-ion. The 
corresponding k values for these values were 0.109 and 0.040, respectively. 
However, the k values ranged from 0.014 for Pershing soil by using MgSO^ to 
0.320 for Osomo soil by using {NH4)2S04. 
The effect of the type and valence of sulfate counter-ion (metal), added at 
a constant concentration, on the Langmuir isotherms of SO^^' adsorption by 
Pershing and Rathbun soils and by Osomo and La Pinera soils are shown in 
Figures 53 and 54, respectively. The X^ values obtained for SO^' adsorption by 
soils when the metal ions were kept at a constant concentration ranged from 
10.0 mmolj kg'^ for Rathbun soil by using K2SO4 to 93.7 mmol^ kg"^ for Osomo 
soil by using ^2(804)3 (Table 12). The corresponding k values for these X^ 
values were 0.100 and 1.276, respectively. The k values ranged from 0.084 for 
Pershing soil by using MgS04 to 1.276 for Osomo soil by using ^2(804)3. In 
general, the X^ values obtained when sulfate counter-ions were kept at a 
constant concentration were lower than those obtained when both the counter-
Figure 51. Effect of the type and valence of sulfate counter-ion (metal) on the Langmuir isotherms for 
sulfate adsorption by Pershing and Rathbun soils. Sulfate and metal were added at equivalent 
concentrations 
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Figure 52. Effect of the type and valence of sulfate counter-ion (metal) on the Langmuir isotherms for 
sulfate adsorption by Osorno and La Pinera soils. Sulfate and metal were added at equivalent 
concentrations 
0.8 -
0.6 -
D) 
< 
X J 
0.4 -
0.2 
Osorno soil 
o K,S0, 
• CSzSO, 
V CaSO, 
T MgSO, 
• AI^CSO,), 
• ""2(504)3 
0.0 
La Pinera soil 
10 12 0 2 
-1  C (mmol L ) 
231 
Table 11. Effect of the type and valence of sulfate counter-ion (metal) on the 
constants of Langmuir isotherms for sulfate adsorption by soils. 
Sulfate and metal ions were added at equivalent concentrations 
Pershing^ Rathbun Osomo La Pinera 
Sulfate 
form Xj) k X. k X. k 
K2S04 21.5 0.045 17.5 0.061 27,3 0.189 29.1 0.115 
(0.807) (0.802) (0.932) (0.903) 
CS2S04 17.1 0.064 14.9 0.109 32.4 0.225 30.0 0.284 
(0.652) (0.960) (0.907) (0.978) 
(NHJ,80/ 36.2 0.019 19.9 0.049 23.5 0.320 23.2 0.149 
(0.481) (0.750) (0.942) (0.953) 
CaS04 38.6 0.034 18.4 0.099 30.1 0.307 35.6 0.273 
(0.863) (0.971) (0.954) (0.954) 
MgSO^ 70.4 0.014 23.4 0.059 34.5 0.199 32.0 0.235 
(0.559) (0.872) (0.969) (0.941) 
AlaCSO^), 80.0 0.066 28.5 0.076 149 0.093 114 0.197 
(0.928) (0.818) (0.862) (0.941) 
In2( 804)3 96.1 0.039 35.0 0.104 303 0.040 139 0.131 
(0.411) (0.831) (0.769) (0.833) 
^ Numbers in parentheses are the coefficients of determination (R^). 
^ indicates the maximum amount of sulfate adsorbed by soil (mmol. kg'^). 
® k, indicates the bonding energy (reciprocal mmol, L'^) for sulfate adsorption 
on the soil surface. 
^ Ammonium sulfate was used for comparison. 
Figure 53. Effect of the type and valence of sulfate counter-ion (metal) on the Langmuir isotherms for 
sulfate adsorption by Pershin? and Rathbun soils. The metal was maintained at a constant 
concentration (12.0 mmolg L"^ 
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Figure 54. Effect of the type and valence of sulfate counter-ion (metal) on the Langmuir isotherms for 
sulfate adsorption by Osorno and La Pinera soils. The metal was maintained at a constant 
concentration (12.0 mmolg L"^) 
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Table 12. Effect of the type and valence of sulfate counter-ion (metal) on the 
constants of Langmuir isotherms for sulfate adsorption by soils. The 
metal was maintained at a constant concentration (12.0 mmoL L'^) 
Sulfate 
form 
Pershing^ Rathbun Osomo La Pinera 
X.l> k" Xm k X. k Xm k 
K2SO4 12.7 0.100 10.0 0.163 22.6 0.359 20.5 0.420 
(0.945) (0.853) (0.933) (0.934) 
CS2SO4 10.5 0.184 10.0 0.224 26.7 0.387 27.2 0.521 
(0.877) (0.904) (0.944) (0.955) 
CaSO, 17.7 0.140 19.8 0.113 35.2 0.467 30.8 0.481 
(0.880) (0.865) (0.969) (0.984) 
MgS04 20.7 0.084 13.5 0.182 29.5 0.416 27.0 0.427 
(0.743) (0.917) (0.973) (0.962) 
Ayso^), 23.9 0.237 22.0 0.330 77.4 0.944 88.6 0.393 
(0.990) (0.986) (0.989) (0.917) 
WSOJa 34.0 0.274 25.3 0.364 93.7 1.28 88.6 0.782 (0.990) (0.987) (0.992) (0.979) 
^ Numbers in parentheses are the coefficients of determination (R^). 
^ X^, indicates the maximum amount of sulfate adsorbed by soil (mmol, kg'^). 
k, indicates the bonding energy (reciprocal mmol, L'^) for sulfate adsorption 
on the soil surface. 
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ion and 80^^' were added at equivalent concentrations (Tables 11 and 12). 
However, coefficients of determination of the regression lines were considerably 
lower for the plots obtained when both the counter-ion and SO/' were added at 
equivalent concentrations. The calculated k values when the counter-ion was 
maintained at a constant concentration were much greater than those when the 
SO/ and its counter-ion were added at equivalent concentrations. 
The relative strength at which SO/" from the various salts is adsorbed 
by soils is indicated by the calculated bonding energy coefficient, k. The k 
values can be used to explain the adsorption of SO/" from solutions containing 
different counter-ion concentrations. Results in Tables 11 and 12 show that, 
although the values were greater for most of the adsorption isotherms 
obtained for SO/" at equivalent metal concentrations than at a constant 
concentration, the k values followed a reversed order. 
The effect of the type and valence of the SO/' counter-ion (metal), added 
at equivalent concentrations, on the Langmuir isotherms of metal adsorption by 
Pershing and Rathbun soils is shown in Figure 55. The corresponding results 
for Osomo and La Pinera soils are shown in Figure 56. The calculated "one-
surface" Langmuir adsorption parameters and k are presented in Table 13. 
The adsorption maxima, X^, values varied widely between the SO/" counter-
ions and among the soils used. La Pinera soil showed the least and the 
greatest values; they were 34.5 mmol^ kg'^ soil for K* and 303.0 mmol^ kg'^ 
soil for In^*. The corresponding k values for these X^ values were 0.18 and 
Figure 55. Langmuir isotherms of metal adsorption by Pershing and Rathbun soils as affected by the type 
and valence of the metal. Sulfate and metal were added at equivalent concentrations 
Pershing soil Rathbun soil 
0.16 
Cs 
Co 
0.12 
O) 
^ 0.08 
X 
0.04 ^ 
0.00 
10 0 2 6 8 10 4 6 8 4 0 2 
C (mmol^ L ) 
Figure 56. Langmuir isotherms of metal adsorption by Osorno and La Pinera soils as affected by the type 
and valence of the metal. Sulfate and metal were added at equivalent concentrations 
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Table 13. Effect of the type and valence of sulfate counter-ion (metal) on the 
constants of Langmuir isotherms for metal adsorption by soils 
Pershing^ Rathbun Osomo La Pinera 
Metal 
form Xjb If X. k X. k X. k 
K2SO4 
CS2SO4 
(NH,)280/ 
CaS04 
MgS04 
Al2(S04)3 
1112(804)3 
112 0.29 
(0.956) 
100 2.6 
(0.993) 
104 0.24 
(0.925) 
185 0.05 
(0.711) 
132 0.23 
(0.943) 
204 49 
(0.998) 
232 43 
(0.998) 
104 0.33 
(0.957) 
111 2.4 
(0.990) 
122 0.15 
(0.767) 
235 0.08 
(0.883) 
105 0.66 
(0.946) 
166 5.5 
(0.985) 
185 8.4 
(0,993) 
106 0.17 
(0.954) 
76.9 0.79 
(0.910) 
58.2 0.32 
(0.882) 
242 0.08 
(0.923) 
71.9 0.37 
(0.982) 
214 12 
(0.990) 
295 242 
(0.966) 
58.5 0.20 
(0.963) 
35.7 0.69 
(0.961) 
34.5 0.18 
(0.948) 
245 0.06 
(0.987) 
81.3 1.6 
(0.935) 
38.5 0.44 
(0.976) 
303 16 
(0.991) 
® Numbers in parentheses are the coefficient of determination (R^). 
^ X„, indicates the maximum amount of sulfate adsorbed by soil (mmol, kg'^). 
® k, indicates the bonding energy (reciprocal mmol, L"^) for sulfate adsorption 
on the soil surface. 
Ammonium sulfate was used for comparison. 
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16.3, respectively. The k values, however, ranged from 0.05 for Ca^* adsorption 
by Pershing soil to 224 for In^* adsorption by Osomo soil (Table 13). Although 
the Xn, values for Ca^* were relatively greater than those for the mono- and 
other di-valent counter-ions, the k values were much smaller and ranged from 
0.05 to 0.08. 
The ability of the Langmuir equation to estimate the adsorption maxima 
and the errors involved in using this equation were evaluated by Harter (1984), 
Harter and Backer (1977), and Sposito (1982). One of the serious problems 
associated with the one-surface Langmuir equation arises when estimating the 
adsorption maxima from adsorption isotherm data which do not approach the 
maxima (Harter, 1984). Also, Harter and Baker (1977) proposed that the 
constant, k, is not simply related to the bonding energy of the adsorbed ion, but 
to the ratio of adsorbed and desorbed ion bonding energies and, thus, the k 
values obtained from the "one-surface" Langmuir equation may be invalid. 
They emphasized that the k values should not be used for comparison of 
bonding energy of different soils (i.e., different surfaces). However, the k values 
can be used for comparison between adsorption of different ions on the same 
surface (soil). 
The same 80/' adsorption isotherm data were also fitted to the "two-
surface" Langmuir equation, which is expressed as follows; 
X = (k,X.iC)/(l + k,C) + (k^X^gO/d+kgC). [38] 
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For the "two-surface" model, the parameters kj, X„2> kg, and were calculated 
from graphs prepared by plotting X/C (or K^) vs. X, similar to those shown for 
Pershing and Osomo soils (Figures 57 and 58, respectively), as described by 
Sposito (1982). 
The calculated X^^i, k^, X^g» and kj values for all of the SO^^' adsorption 
data are presented in Tables 14 and 15. These results show that the Langmuir 
"one-surface" equation did not adequately describe the adsorption isotherm data 
for 80/' when the coimter-ion was added at equivalent concentration to SO/' 
(variable metal content) (Table 14), but adequately described those data when 
concentration of the counter-ion was maintained constant (Table 15). 
Results from the "two-surface" Langmuir equation also showed that the 
bonding affinity coefficient values of 80^^' for the first-part of the adsorption 
reaction, k^, were greater than those for the second-part of the adsorption 
reaction, kg, suggesting the presence of two different adsorption sites each with 
different bonding energy. In addition, the increased counter-ion (metal) 
concentration in the equilibrium solution may have increased the bonding 
energy of the high affinity surfaces in soils. In general, the calculated X^^/X^g 
and X„i/(X^i + X^g) when 80/' and its counter-ion were added at equivalent 
concentration were similar and varied between 0.007 to 0.375 (Table 14). For 
Pershing and Rathbun soils, however, these values were < 0.05. For these two 
soils, when the metal was maintained at a constant concentration, X^i/X^g were 
at least 0.04 and reached up to 0.24 (Table 15). The X^jj/X^g calculated for 
Figure 57. Relationship between the distribution coefficient, Kj, and sulfate adsorbed by Pershing soil 
(two-surface Langmuir model). Note that JÎ is the maximum amount of sulfate adsorbed 
Pershing soil 
K.SO. 
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Kj = 1.035 - 0.056 (X) 2 
R^ = 0.992 Kj = 1.603 - 0.063 (X) 
R^ = 0.969 
Intercept = /S Intercept = /S 
Figure 58. Relationship between the distribution coefficient, Kj, and sulfate adsorbed by Osomo soil 
(two-surface Langmuir model). Note that B is the maximum amount of sulfate adsorbed 
Osorno soil 
K. = 27.41 - 1.123 (X) 
R = 0.992 R = 0.980 
R = 0.961 
Intercept = /S Intercept = fi 
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Table 14. Effect of the type and valence of sulfate counter-ion (metal) on the 
- constants, X„i, and kg, obtained from the "two surface" 
Langmuir plots for the adsorption of sulfate by soils. Sulfate and 
metal were added at equivalent concentrations 
Sulfate Xmi X„i 
Soil form X.» X./ X., X^.+X., 
Pershing K2SO4 
CS2SO4 1.00 70.0 71.0 0.014 0.014 0.800 0.001 
(NHJgSO/ 0.32 45.5 45.8 0.007 0.007 1.853 0.017 
CaSO^ 
MgSO^ 
A]2(S04)3 4.00 72.7 76.7 0.055 0.052 0.212 0.025 
In2(S04)g -.-
Rathbun K2SO4 
CS2SO4 1.40 70.3 71.7 0.020 0.020 0.610 0.015 
(NH4)2S04 1.21 44.0 45.2 0.028 0.027 0.357 0.019 
CaS04 -.- -.- -.- -.- -.- -.- -.-
MgS04 1.23 36.6 37.8 0.034 0.033 0.666 0.030 
AIg(S04)3 
In2(S04)g -.-
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Table 14, (Continued) 
Sulfate Xml Xml 
Soil form Xmi* X.2^ Xml+Xn,2 Xni2 Xml+Xm2 kib kgb 
Osomo K2SO4 5.43 42.0 47.4 0.129 0.114 1.069 0.058 
CS2SO4 7.30 64.4 71.9 0.113 0.102 1.619 0.046 
(NHJgSO/ 6.62 25.7 32.3 0.258 0.205 2.272 0.110 
CaSO, 11.5 30.6 42.1 0.375 0.272 0.937 0.097 
MgSO^ 7.20 43.3 50.5 0.166 0.143 0.772 0.078 
A1,(80J3 4.16 200 204 0.021 0.020 3.536 0.059 
In«(80j3 
La Pinera K2SO4 5.16 34.3 39.5 0.150 0.131 0.584 0.060 
CS2SO4 9.12 31.2 39.3 0.292 0.232 0.921 0.105 
(NH4)2S04 3.53 30.0 33.5 0.118 0.105 0.676 0.066 
CaS04 6.78 41.1 47.9 0.165 0.142 2.054 0.114 
MgS04 9.93 55.6 65.5 0.179 0.152 0.724 0.048 
Al2(S04)3 21.5 151 172 0.142 0.125 0.679 0.077 
In,(S04)3 
^ X^i and Xn,2, indicate the maximum amount of sulfate adsorbed by the high 
and low affinity surfaces (mmol^ kg'^), respectively. 
^ kj and k^, indicate the bonding energies (reciprocal mmol, L'^) for sulfate 
adsorption on the high and low affinity surfaces, respectively. 
Ammonium sulfate was used for comparison. 
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Table 15. Effect of the type and valence of sulfate counter-ion (metal) on the 
constants, kj, and k^, obtained from the "two-surface" 
Langmuir plots for the adsorption of sulfate by soils. The metal 
was maintained at a constant concentrations (12.0 mmolg L"^) 
Sulfate X.1 Xml 
Soil form Xmi* Xn,l+Xm2 Xm: Xml+Xm2 ki*) 
Pershing K2SO4 0.97 16.4 17.4 0.059 0.056 0.614 0.056 
CS2SO4 2.18 20.5 22.7 0.106 0.096 1.41 0.043 
CaSO, 2.88 23.1 26.0 0.125 0.111 1.44 0.055 
MgSO, 1.27 28.6 29.9 0.044 0.043 1.64 0.046 
Ak(.SO,)s 1.96 24.7 26.7 0.079 0.074 1.31 0.170 
In2(S04)3 5.69 31.3 37.0 0.182 0.154 1.13 0.189 
Rathbun K2SO4 1.50 13.7 15.2 0.109 0.099 2.97 0.067 
CS2SO4 1.74 11.3 13.0 0.154 0.133 9.09 0.105 
CaS04 1.93 23.2 25.1 0.083 0.077 1.74 0.068 
MgS04 1.77 19.3 21.1 0.092 0.084 4.58 0.069 
Alg(S04)3 4.79 20.3 25.1 0.236 0.191 1.62 0.189 
1112(804)3 6.21 25.9 32.1 0.240 0.193 1.58 0.170 
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Table 15. (Continued) 
Sulfate Xml Xml 
Soil form Xmi* Xml+Xni2 Xn,2 Xml+Xm: k ^ ksh 
Osomo K2SO4 7.35 25.1 32.5 0.293 0.227 2.90 0.104 
CsgSO, 9.03 29.1 38.1 0.310 0.237 2.78 0.109 
CaSOi 16.7 28.2 44.9 0.593 0.372 1.41 0.136 
MgSO^ 10.6 26.2 36.8 0.405 0.288 1.75 0.150 
A]^(80J3 16.3 68.9 85.2 0.236 0.191 18.3 0.446 
In2(S04)3 37.1 64.8 101.9 0.572 0.364 5.87 0.480 
La Pinera KgSO^ 7.41 21.4 28.8 0.346 0.257 4.00 0.113 
CS2SO4 11.5 24.1 35.6 0.476 0.322 3.16 0.139 
CaSO, 13.0 22.5 35.5 0.577 0.366 1.51 0.187 
MgSO^ 11.4 24.1 35.5 0.473 0.321 1.64 0.120 
Alg(80j3 23.2 125 148.3 0.186 0.156 2.72 0.102 
Ing(S04)3 33.3 70.4 103.7 0.473 0.321 3.44 0.275 
^ and Xn,2, indicate the maximum amount of sulfate adsorbed by the high 
and low affinity surfaces (mmol^ kg'^), respectively. 
^ kj and kg, indicate the bonding energies (reciprocal mmol^ L"^ for sulfate 
adsorption on the high and low affinity surfaces, respectively. 
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Osomo and La Pinera soils varied from 0.19 to 0.59, and the proportion of X„i 
to the total adsorption (i.e., Xm/OLi + X^g) varied from 0.16 to 0.37. When 
and metals were added at equivalent concentrations, the kj values were 
always higher than kg values. 
When the 80^' and metal were added at equivalent concentrations, the 
varied from 0.3 mmol, kg'^ for Pershing soils by using (NH4)2S04 to 21.5 
mmolg kg'^ for La Pinera soils by using Al2(S04)3, and the varied from 45.5 
mmolg kg'^ for Pershing soil by using (NH4)2S04 to 200 mmol, kg"^ for Osomo 
soil by using Al2(S04)3. It was not possible to estimate k^ for Pershing soil 
when K2SO4, CaS04, MgS04, and In2(S04)3 ere used, and for Rathbun soil when 
K2SO4, CaS04, Al2(S04)3, and ^2(804)3 were used. Also, it was not possible to 
estimate kj for Osomo and La Pinera soils by using In2(804)3. Relatively linear 
plots of X/C vs. X were obtained for some of the 804^' forms, suggesting that all 
the measured adsorption sites were on the low-energy surface. In the case of 
Pershing soil, the calculated X„i value was negative, and this could be to errors, 
release of previously adsorbed 804^', or due to adsorption reactions of Al^*. 
When the metal was kept at a constant concentration, the X^i varied 
from 1.0 mmolc kg ' for Pershing soil by using K2SO4 to 37.1 mmol^ kg"' for 
Osomo soil by using ^2(804)3, and the X,,; varied from 11.3 mmol^ kg ' for 
Rathbun soil to 125.1 mmol^ kg ' for La Pinera soil by using Al2(804)3. 
The estimated adsorption maximum (X^i + X^g) values by the "two-
surface" Langmuir equation (Table 14) were always greater than those 
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estimated by the "one-surface" Langmuir equation (Table 11) when the metal 
ions were kept at a constant concentration. Similar results were obtained for 
Osomo and La Pinera soil when SO/' and metal were added at equivalent 
concentrations (Table 12). 
Plotting the metal adsorption data obtained for the four soils in 
accordance with the "two-surface" Langmuir equation produced relatively 
curvilinear graphs for most of the SO/' counter-ions. The Langmuir adsorption 
parameters and varied from 4.6 and 30.3, respectively, to 203 and 427 
(Table 16). The adsorption maxima varied widely between the four soils and 
among the various metals used. With few exceptions, the calculated adsorption 
maxima (X^i + by the "two-surface" Langmuir equations were greater than 
those calculated by the "one-surface" Langmuir equation (Table 13). 
The bonding energy coefficients and kg varied from 0.09 and 0.14, 
respectively, to 70.8 and 267. At low metal concentrations, metal adsorption 
data are expected to agree with the "one-surface" Langmuir equation (Basta, 
1989). However, over a larger concentration range, such as the one used in this 
study, a curvilinear plot of C/X vs. C is expected due to the presence of 
sufficient amounts of metal in soils to fill the high-affinity surfaces. 
The X^i/X^2 values varied from 0.01 for Rathbun soil by using CaSO^ to 
0.79 for Pershing soil by using Al2(S04)3. However, values were greater 
than 0.55 for the trivalent metal ions, reflecting the initial high adsorbing 
affinity of these ions. 
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Table 16. Effect of the type and valence of sulfate counter-ion (metal) on the 
constants, k^, and kg, obtained from Langmuir two-slope 
plots for the adsorption of metals by soils. Sulfae and metal were 
added at equivalent concentrations 
Metal* Xml Xml 
Soil form Xml+Xm2 Xm2 Xml+Xm k ^ 2 ^1 ka^ 
Pershing K2SO4 19.2 136 155.2 0.141 0.124 1.56 0.129 
CsgSO* 38.5 68.1 106.6 0.565 0.361 70.8 0.710 
(NHJsSO,* 18.5 142 160.5 0.131 0.115 0.089 1.33 
CaSO, 9.85 187 196.9 0.052 0.050 0.097 1.71 
MgSO, 12.0 178 190.0 0.067 0.063 0.108 2.73 
Al2(80j3 181 48.9 229.9 3.697 0.787 51.5 0.915 
WSOJa 152 92.9 244.9 1.634 0.620 2.28 266 
Rathbun K2SO4 16.2 122 138.2 0.133 0.118 0.148 2.96 
CS2SO4 38.3 68.1 106.4 0.562 0.360 59.1 0.671 
(NHJsSO, 11.3 226 237.3 0.050 0.048 0.050 2.55 
CaSO, 4.56 427 431.6 0.011 0.011 0.033 3.53 
MgS04 37.0 118 155.0 0.314 0.239 0.155 10.5 
Al2(80j3 94.8 94.4 189.2 1.004 0.501 0.667 38.5 
W80A 100 97.0 197.0 1.032 0.508 1.26 67.0 
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Table 16. (Continued) 
Metal^ Xml Xml 
Soil form Xmi* X.2^ X.2 Xml+Xm k ^ 2 ^1 
Osomo K2SO4 22.1 105 127.1 0.210 0.174 0.099 0.742 
CS2SO4 27.5 88.5 116.0 0.311 0.237 22.9 0.143 
(NHJgSO^G 11.2 65.3 76.5 0.172 0.146 0.134 8.58 
CaSO, 9.01 211 220.1 0.043 0.041 0.086 1.92 
MgS04 20.3 67.8 88.1 0.299 0.230 0.166 1.65 
Al2(S04)3 142 106 248.0 1.351 0.575 36.9 0.834 
W804)3 203 178 381.0 1.137 0.532 17.4 109 
La Pinera K2SO4 5.1 65.3 70.4 0.078 0.072 0.131 2.98 
CS2SO4 14.5 30.3 44.8 0.479 0.324 64.6 0.181 
(NH4)2S04 5.1 33.9 39.0 0.150 0.131 0.118 1.16 
CaS04 6.8 238 244.2 0.029 0.028 0.061 5.30 
MgS04 14.2 39.9 54.1 0.356 0.262 0.119 3.32 
Al,(804)3 36.3 65.1 101.4 0.558 0.358 0.290 12.3 
W804)3 111 160 271.0 0.695 0.410 4.48 127 
^ and X^27 indicate the maximum amount of metal adsorbed by the high 
and low affinity surfaces (mmol, kg'^), respectively. 
^ kj and kg, indicate the bonding energies (reciprocal mmol^ L'^) for metal 
adsorption on the high and low affinity surfaces, respectively. 
Ammonium sulfate was used for comparison. 
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One of the problems that can arise from fitting the non-linear adsorption 
model is that part of the data may not be included when calculating the slopes 
and intercepts. Estimating the best fit of the two slopes depends on the 
adsorption data used, and a slight error in the adsorption measurement may 
lead to significant error in calculating the Langmuir parameters. 
Comparison of sulfate adsorption models 
Eventhough many studies have described 80^ adsorption data by using 
the "one-surface" Langmuir equation, to my knowledge no attempts have been 
made to apply the same data to the "two-surface" Langmuir equation when the 
"one-surface" equation did not sufficiently describe the adsorption isotherm 
data. 
To my knowledge, no data are available about application of the 
adsorption data to the "two-surface" Langmuir model but some work on this 
topic has been reported with PO/'. Three possible reasons have been given for 
the non-linearity in the C/X vs. C (or X/C vs. X) plots for PO^^' adsorption 
(Griffin and Jurinak, 1973; Muljadi et al., 1966): (1) adsorption occurs at 
various sites on the surface; (2) adsorption occurs in layers on the surface; or 
(3) separate mineral species are nucleated on the surface (i.e., precipitation). 
The first reason assumes that adsorption occurs simultaneously on all sites 
with higher energy sites being filed first, and the second reason could be tested 
by the Brunauer-Emmett-Teller (BET) equation of multiple layer adsorption, 
(Griffin and Jurinak, 1973). 
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Several linear forms of the "one-surface" Langmuir equation have been 
used (Harter, 1984), and a number of the modified Langmuir equations have 
been proposed (Harter, 1984; Harter and Baker, 1977; Kuo, 1988). Plots 
obtained from three possible transformations of the Langmuir equation, the 
modified equation proposed by Kuo (1988), and the BET equation (Brunauer et 
al., 1938) for the four soils by using the various forms are shown in 
Figures 59-70. The calculated parameters of these equations are presented in 
Tables 17-19. 
The basic criterion for evaluating the "one-surface" Langmuir equation 
as an adsorption model is the linearity of the plot of the various 
transformations of the equation (i.e., C/X vs. C, X/C vs. X, or 1/X vs. 1/C). 
However, over the wide range of 80/' concentration, curvilinear plots were 
obtained for most of the adsorption data of the four soils. The C/X vs. C plots 
were relatively linear when the amount of 80^^' adsorbed was high. The X/C 
vs. X plots were always curvilinear regardless of the amount of 804^' adsorbed. 
The coefficients of determination (R^) of the linear plots were always lower for 
the X/C vs. X plots than for the C/X vs. C plots (Table 19). Veith and Sposito 
(1977) reported that when the error of the adsorption measurement is high, the 
X/C vs. X plot is superior to the C/X vs. C plot and the converse is true when 
the error is low (Harter, 1984). The plot of 1/X vs. 1/C gave a better linear plot 
and higher R^. However, this plot gave a less reliable estimate of the 
adsorption maxima compared with the actual values. The plot of X vs. (X/C)°® 
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Figure 59. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from K2SO4 by the four soils studied 
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Figure 60. Plots of results obtained for sulfate adsorption from K^SO^ by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
2.5 
2.0 
§ 1.5 
1.0 
0.5 
0.0 
CsgSO^ A 
O Pershing soil 20 
# Rathbun soil 
_V Osorno soil 
T La Pinera soil 15 
u 
o > 10 
5 
r 1 1 1 1 1 1 n 
0 2 4 6 8 10 12 
C 
Figure 61. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from CsgSO^ by the four soils studied 
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Figure 62. Plots of results obtained for sulfate adsorption from CsgSO^ by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
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Figure 63. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from CaSO, by the four soils studied 
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Figure 64. Plots of results obtained for sulfate adsorption from CaSO, by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
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Figure 65. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from MgSO^ by the four soils studied 
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Figure 66. Plots of results obtained for sulfate adsorption from MgSO^ by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
Al2(S0,)3 
1 2 Pershing soil 
# Rathbun soil 
V Osorno soil 
T La Pinera soil 
0.8 -
§ 
20 40 60 80 
X 
Figure 67. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from Al2{S04)3 by the four soils studied 
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Figure 68. Plots of results obtained for sulfate adsorption from Al2(S04)3 by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
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Figure 69. Plots of three possible transformations of the "one-surface" Langmuir equation for adsorption 
of sulfate from IngCSO^)^ by the four soils studied 
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Figure 70. Plots of results obtained for sulfate adsorption from ^2(804)3 by the four soils studied according to 
the modified Langmuir "one-surface" equation developed by Kuo (A) and by the BET equation (B) 
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Table 17. Adsorption maxima, X^, calculated by using three transformations 
of the Langmuir "one-surface" equation, modified Langmuir 
equation, and the BET equation 
Sulfate C vs. X vs. 1/X vs. (X/C)°-® BET^ 
x." Soil salt C/X X/C 1/C vs. X 
Pershing K2SO4 12.7 11.8 9.1 18.5 10.9 7.2 
CS2SO4 10.5 9.3 5.8 11.5 9.4 5.5 
CaSO, 14.7 12.6 8.4 16.3 13.2 10.9 
MgSO^ 20.7 18.1 8.7 21.5 17.5 10.5 
Al2(80A 23.9 23.9 21.1 35.4 21.7 17.3 
IngCSOJs 34.0 32.0 26.4 47.2 31.1 26.0 
Rathbun K2SO4 10.0 8.5 4.8 9.8 8.9 7.1 
CS2SO4 10.0 8.6 5.5 10.2 9.0 7.6 
CaSO, 17.8 15.1 8.1 18.2 15.7 11.2 
MgS04 13.5 11.8 7.6 15.3 12.1 9.6 
AlgCSOJa 22.0 20.7 16.2 28.6 21.2 17.3 
WSOJa 25.3 24.0 19.8 33.5 23.3 20.2 
Osomo K2SO4 22.6 19.2 14.4 23.3 20.9 19.7 
CS2SO4 26.7 22.8 17,4 27.9 24.7 23.2 
CaSO, 35.2 31.1 26.7 40.9 32.8 32.4 
MgSO^ 29.5 26.2 21.7 34.8 27.4 25.2 
Al^CSOJg 77.4 67.0 47.8 80.5 73.3 71.0 
W8OJ3 93.7 82.5 69.3 99.8 89.3 88.0 
La Pinera K2SO4 20.5 17.3 13.2 20.2 19.0 18.6 
CS2SO4 27.2 23.2 19.0 28.2 25.3 25.2 
CaSO, 30.8 27.6 23.9 37.2 28.6 27.1 
MgS04 27.0 23.5 19.4 30.5 25.0 23.8 
AlgCSOJa 88.6 74.9 51.7 94.6 82.9 74.4 
1112(804)3 88.6 77.0 63.1 99.7 83.9 80.7 
^ C, the concentration of sulfate in the equilibrium solution (mmol^ L"^), 
and X, the amount of sulfate adsorbed (mmol^ kg'^). 
^ BET, plot of C/C„ vs C/(X(Co-C). 
^ Xg,, Experimental maximum adsorption. 
272 
Table 18. Affinity coeffecients, k, calculated by using three transformations 
of the Langmuir "one-surface" equation, modified Langmuir 
equation, and the BET equation 
k^ 
Sulfate 
Soil salt C vs C/X X vs X/C 1/X vs 1/C (X/C)" ® vs C BET^ 
Pershing K2SO4 0.100 0.113 0.158 0.054 22.5 
C82SO4 0.184 0.249 0.555 0.087 40.6 
CaSO^ 0.180 0.250 0.511 0.061 39.5 
MgSO, 0.084 0.104 0.285 0.046 18.8 
AkiSO,), 0.237 0.239 0.287 0.028 52.3 
In2(S04)3 0.274 0.313 0.429 0.021 60.3 
Rathbun K2SO4 0.163 0.238 0.632 0.102 36.0 
CS2SO4 0.224 0.331 0.793 0.099 49.4 
CaS04 0.134 0.179 0.485 0.055 29.8 
MgSO^ 0.182 0.243 0.510 0.065 40.1 
A1,(80J3 0.330 0.388 0.605 0.035 73.0 
In2(S04)3 0.364 0.419 0.599 0.030 80.5 
Osomo K2SO4 0.359 0.611 1.198 0.043 78.5 
CS2SO4 0.387 0.653 1.225 0.036 84.7 
CaS04 0.467 0.693 0.964 0.024 102 
MgS04 0.416 0.593 0.884 0.029 91.4 
Al2(S04)3 0.944 1.760 3.808 0.012 206 
In2(S04)3 1.276 2.205 3.218 0.010 278 
La Pinera K2S04 0.420 0.789 1.633 0.050 92.4 
CS2S04 0.521 0.962 1.652 0.035 114.6 
CaS04 0.481 0.669 0.921 0.027 106 
MgS04 0.427 0.656 1.010 0.033 93.8 
A]2(S04)3 0.393 0.634 1.275 0.011 84.3 
In2(S04)3 0.782 1.278 1.932 0.010 170 
^ C, the concentration of sulfate in the equilibrium solution (mmolg L"^), 
and X, the amount of sulfate adsorbed (mmolg kg"^). 
^ BET, plotofC/C„vsC/(X(C„-C). 
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Table 19. Regression coeffecients, R^, of the Langmuir "one-surface" plots, 
modified Langmuir plots, and the BET plots 
Soil 
Sulfate 
sait C vs C/X X VS X/C 1/Xvs 1/C (X/C)° ® vs C BET^ 
Pershing K2SO4 0.945 0.887 0.997 0.916 0.960 
CS2SO4 0.877 0.641 0.923 0.711 0.896 
CaS04 0.880 0.692 0.958 0.757 0.900 
MgSO^ 0.743 0.580 0.951 0.619 0.785 
AlgCSOJ, 0.990 0.935 0.989 0.945 0.990 
IngCSOJa 0.990 0.927 0.990 0.965 0.993 
Rathbun K2SO4 0.853 0.545 0.837 0.628 0.877 
CS2SO4 0.904 0.575 0.838 0.674 0.920 
CaSO, 0.865 0.549 0.851 0.633 0.888 
MgSO^ 0.917 0.681 0.913 0.766 0.932 
Alg(S0j3 0.986 0.845 0.958 0.909 0.988 
In2(S04)3 0.987 0.882 0.978 0.929 0.988 
Osomo K2SO4 0.933 0.676 0.910 0.774 0.945 
CS2SO4 0.944 0.703 0.925 0.797 0.955 
CaSO, 0.969 0.864 0.985 0.923 0.976 
MgSO^ 0.973 0.842 0.975 0.911 0.979 
AlgCSOA 0.989 0.674 0.878 0.827 0.992 
In2(S04)3 0.992 0.867 0.986 0.949 0.994 
La Pinera K2SO4 0.934 0.629 0.864 0.740 0.946 
CS2SO4 0.955 0.736 0.932 0.835 0.964 
CaS04 0.984 0.893 0.980 0.956 0.989 
MgS04 0.962 0.818 0.967 0.983 0.970 
A1:(S0A 0.917 0.716 0.967 0.793 0.928 
In2(S04)3 0.979 0.855 0.986 0.931 0.983 
^ C, the concentration of sulfate in the equilibrium solution (mmolg L"^), 
and X, the amount of sulfate adsorbed (mmolg kg"^). 
^ BET, plot ofC/C. vs C/(X(C.-C). 
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was slightly better in describing the adsorption data as indicated by the higher 
values. 
The ability of the Langmuir equation to estimate the adsorption maxima 
and the errors involved in using this equation were evaluated by Harter (1984), 
Harter and Backer (1977), and Sposito (1982). One of the serious problems 
associated with the "one-surface" Langmuir equation arises when estimating 
the adsorption maxima from adsorption isotherm data which do not approach 
the maxima (Harter, 1984), Harter (1984) also pointed out that a plot of C/X 
vs. C (or X/C vs. X) is a poor test of fit, because plotting C against itself 
substantially decreases the data variability and always results in a statistically 
significant correlation coefficient. In addition, a plot of 1/X vs. 1/C is 
inadequate because the regression equation will be affected mainly by the most 
variable data. 
When presenting plots over a wide range of adsorption data (Figures 59-
70), plots of C/X vs. C may indicate that the Langmuir equation sufficiently 
describes the experimental data for Osomo and La Pinera soils, but is 
inadequate for Pershing and Rathbun soils. Comparing the experimental 
adsorption maxima to the calculated values (X^) (Table 17) shows that X^ 
values calculated from C vs. C/X plots overestimated the actual adsorption 
maxima for all soils and the various 80^' forms. However, X vs. X/C plots gave 
closer values to the actual adsorption maxima. The 1/X vs. 1/C plots gave 
inconsistent values. In some cases, the actual adsorption maxima were 
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overestimated and in other cases they were underestimated. The (X/C)°" vs. C 
plots gave even higher values than the X/C vs. X plots. 
The calculated bonding energy coefficients varied between these 
equations (Table 18). The 1/X vs. 1/C plots generally gave the highest k values 
among the four plots and the (X/C)° ® vs. X plot gave the lowest k values. The 
latter plot is for a modified Langmuir equation which takes into consideration 
the electrostatic interaction among the anion and surface species (Kuo, 1988). 
It also assumes that RT contribution from the interacting components is 
constant and has been found to provide a better estimate of the sorption 
capacity of PO/' than the classical Langmuir equation. However, this equation 
was developed for PO/' adsorption and is not expected to fit the adsorption 
data of 80^^'. 
The BET plots, in most cases, were linear. Because no precipitation of 
was expected in the system, the €„ term could not be calculated for the 
various SO^^' forms. A value of C, for each of the 80/^' forms was estimated by 
iteration until the best fit for a straight line was obtained. This technique was 
followed by Taylor and Ellis (1978) to estimate the C, term for PO^^ adsorption 
by resin. It should be noted, however, that the BET equation alone is not 
sufficient to conclude that adsorption is definitely a polymolecular (Griffin and 
Jurinak, 1973; Mehadi and Taylor, 1988; Taylor and Ellis, 1978). Multiple 
adsorption could be involved, in part, through 80^^' adsorption. The linear fit of 
the BET equation suggest that SO/' adsorption by soil occurs with at least two 
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different binding energies. 
The third possible reasons for the non-linearity in the C/X vs. C (or X/C 
vs. X) plots is the nucleation of the various SO/' species and the consequent 
precipitation reactions (Griffin and Jurinak, 1973; Muljadi et al., 1966, Sposito, 
1982). From a previous discussion, precipitation reactions of the various SO/' 
forms were ruled out based on the solubility principles. Sposito (1982) 
cautioned that the Langmuir equations can not differentiate between 
adsorption and precipitation. Therefore, to assure that precipitation reactions 
were not involved in the adsorption experiments reported here, plots of the 
surface density (o) vs. Kj at adsorption maxima for the various SO/' forms 
were prepared (Figure 71). Values of a were calculated from the experimental 
adsorption maxima and the specific surface area as follows (Navrot et al., 1978): 
[39] 
where X is the amount of SO/' adsorbed (pmol g''), S is the specific surface 
area (m^ g'^) as determined by the EGME method, N is Avogadro's number 
(6.022 X 10^® ions mol'*), and the factor (10'®) is to convert jimol into mol. Plots 
presented in (Figure 71) show that, for any soil, a linear relationship between 
Kj and a was obtained. If precipitation was involved in any of the sulfate 
forms, an extreme deviation from linearity would have occurred. These plots 
also show that a increases with increasing charge of the sulfate counter-ion. In 
addition, this increase was greater in Osomo soil, which is derived from 
Figure 71. Relationships between distribution coefficients of sulfate at its adsorption maxima of the four soils 
and surface densities (a) of sulfate in the presence of mono-, di-, and tri-valent counter-ions. 
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volcanic ash and in La Pinera soil which contains greater amounts of hydrous 
Fe and A1 oxides than both Iowa soils. 
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SUMMARY AND CONCLUSIONS 
Sulfate has received much attention in recent years because of its 
mobility, availability to plants and microorganisms, its precipitation reactions, 
and because of its reactivity with positively-charged surfaces in soils. 
Because SO^'' is a mobile ion in soils under neutral and alkaline conditions, it 
could be easily lost from soil by leaching. Therefore, adsorption reactions in 
soils under acid conditions are very critical because they reduce the loss of SO^^' 
and, hence, increase the availability of S to plants. 
Sulfate in soils is associated with a variety of counter-ions, mostly metal 
ions. The different metals associated with SC^^ may significantly affect the 
quantitative determination of SO^^ by many methods. A number of methods 
have been proposed for determination of SO^'' in soils. Each of these methods 
has advantages and limitations, especially when used for determination of SC^^ 
in soil extracts. Metal ions (SO^'^' couonter-ions) present in soil extracts may 
interfere with SO^' determination by several reactions, such as forming 
insoluble SO/' compounds. In studies involving SO^^' adsorption by soils, the 
effect of metal ions on SO/'' measurement by a specific method is usually 
ignored, leading to inaccurate results. To be able to study the effect of metal 
ions on SO/" adsorption by soils, an accurate method for determination of the 
SO/' extracted with different reagents and in the presence of various metals 
was needed. 
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Although recent studies have provided some understanding of the effect 
of soil properties (such as the solution pH, hydrous Fe and A1 oxides, 80 
concentration and other anions, clay type and content, and metal ions) on SO^^' 
adsorption, still much is unknown on the chemistry and behavior of SO/' 
adsorption in soils. In addition, conflicting reports are found in the literature 
on the mechanisms by which 80/' is adsorbed by soils and separate soil 
components. Although the effect of metal ions on SO^^^ adsorption should have 
profound effects on 80/' adsorption and mobility in soils, little information is 
available on this subject. Further experimental investigations that include the 
use of SO/' counter-ions of various charges (mono-, di-, and tri-valent metals) 
added at different concentrations would contribute towards a better 
understanding of the mechanisms that are involved in 80/' adsorption by soils. 
Therefore, the objectives of this study were: (1) to evaluate some methods 
for determination of 80/' associated with various metals and of SO/' extracted 
from soils; (2) to assess the effect of pH, ionic strength, and the composition of 
the equilibrium solution on SO/' adsorption; (3) to assess the role of metal 
adsorption in SO/' adsorption by soils; and (4) to assess the effect of valence of 
the SO/' counter-ions on SO/' adsorption by soils. 
The results of this study can be summarized as follows: 
1. Four analytical methods based on different principles were evaluated 
for determination of SO/' in different metal salts and in soil extracts obtained 
with three extractants [0.1 M LiCl, 0.15% CaClg, and 500 mg P L'^ as 
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Ca(H2P04)2]. The analytical methods were: (i) a methylene blue (MB) 
colorimetric method after the reduction of 80/' to HgS, (ii) an ion 
chromatographic (IC) method, (iii) a turbidimetric (TD) method, and (iv) an 
indirect Ba atomic absorption spectro- photometric (SP) method. Results 
showed that the recovery of 80^^' associated with various mono-, di-, and tri-
valent metals was quantitative by the MB method. But, tri-valent metals, such 
as Al, In, La, and Sc, decreased somewhat the recovery of 80/' by the other 
three methods. The MB and IC methods gave similar values for SO/' in soils 
by using the three extractants. The TD and SP methods gave variable results 
and, in general, underestimated the amounts of 80/ in soils. Among the four 
methods, the MB and IC methods were the most accurate and precise. 
Therefore, for its simplicity, accuracy, and precision, the IC method was 
selected for use in the subsequent studies. 
2. The experiments conducted on the adsorption of 80/' and its counter-
ion by soils involved equilibrating a 1.0-g of soil (< 2 mm) with 25 mL of 80/' 
solution in a 25-mL centrifuge tube for 24 hours at 25+1 "C. The soil-solution 
mixture was filtered to remove any particulate materials and analyzed for 80/ 
by the IC method and for metals by the SP method. In addition, the pH and 
electrical conductivity were determined, and the ionic strength was calculated. 
3. Sulfate adsorption envelopes at 80/ concentration of 1.0 mM (2.0 
mmolg L'S or 50.0 mmol, kg'^ soil) were constructed by using seven 80/ forms 
[CS28O4, K2SO4, (NHJ28O4, CaSO^, MgSO^, Al2(S0j3, and ^^(SO^)^] for two 
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soils, one surface and one subsurface from Iowa (Pershing and Rathbun), one 
surface soil from Chile (Osomo), and one surface soil from Costa Rica (La 
Pinera). Results showed that, for any of the forms used, SO/' adsorption 
by all soils was the greatest at the lowest equilibrium pH values (ça. 3.5) and 
decreased with increasing pH of the equilibrium solution. This decrease in 
SO/^' adsorption was apparently due to the decrease in positive charges of the 
surfaces with increasing pH. The magnitudes of 80/^' adsorption by Osomo 
and La Pinera soils were three to four times greater than those of both Iowa 
soils (Pershing and Rathbun), regardless of the type and valence of the sulfate 
counter-ion. The greater SO/' adsorption by Osomo and La Pinera soils 
reflected their greater contents of hydrous Fe and A1 oxides. 
4. Within a pH range of 3.5 to 7.0, the amounts of SO/' adsorbed from 
solutions containing different counter-ions was affected by the charge of the 
SO/" counter-ion and, in general, followed the order: In2(S04)3 > Al2(S04)3 > 
CaSO, > MgSO^ > CsgSO^ > KgSO^ > (NH4)2S04. Also, for any counter-ion, 804^^' 
adsorption always decreased by increasing the concentration of the background 
electrolyte (NaCl) from 1.0 to 10.0 mM. The effect of the 804^^' counter-ion was 
more pronounced at higher pH values (pH > 5), and Iowa soils were more 
affected by the increase in the valence of the S04^ counter-ion and the 
concentration of the background electrolyte than Osomo or La Pinera soil. 
These results were attributed to increased CI' ion competition for the SO/ 
adsorption sites. Because the pH values were, in general, above the point zero 
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of charge, as determined by potentiometric titration, the increase in the 
concentration of the background electrolyte may have resulted in additional 
negative charges and, therefore, decreased adsorption. By increasing ionic 
strength, the diffuse double layer thickness would decrease and CI' could 
compete more with 80/ for the adsorption sites by mass action. 
5. Adsorption of the mono- and di-valent counter-ions (metals) increased 
with increasing the pH of the equilibrium solution and decreased with 
increasing the concentration of the background electrolyte ( NaCl) from 1.0 to 
10.0 mM. With increasing pH, the decrease in competition of with metal 
ions could be responsible for the greater amounts of adsorption of the mono-
and di-valent metal ions. For the tri-valent counter-ions, the adsorption 
envelopes followed a parabolic shape, and their adsorption varied depending on 
the pH and soil used. In addition to increased competition by ions at low 
pH values (3.5 - 4.5), dissolution reactions could be involved in the decreased 
adsorption. Increased dissolution of organic materials at high pH values (> 6) 
and the consequent formation of soluble metal-organic complexes could be 
responsible for the decreased adsorption of Al^* or In^*. 
6. The ratios of SO/' to metal (M) adsorbed (SO/'/M) by the four soils as 
affected by the equilibrium solution pH and background electrolyte showed 
that, as pH increased, the SO/'/M adsorption ratios sharply decreased with 
increasing pH up to 4.5 to 5.0, above which no significant change in these ratios 
occurred. In addition, at pH values > 5.0, the S0/7M adsorption ratios were 
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greater for the tri-valent counter-ions than for di-valent, and were near zero for 
the mono-valent ions. 
7. The effect of pH on 80/^' adsorption was described by a simple anion 
exchange reaction, where 80^^' adsorbs by replacing OH" (or OHj) groups from 
the surfaces. For all soils, a relatively linear relationship was obtained between 
log Kj (SO^^' distribution coefficients) and pH when the 80/' counter-ions were 
mono-valents, regardless of the concentration of the background electrolyte. 
But the Kj values for 804^' varied among soils depending on the 80^^' form 
used. Also, a simple ion-exchange reaction was not adequate in explaining the 
adsorption of the various metals. 
8. The possibility of SO/' precipitation was investigated by constructing 
curves of 80/' in the equilibrium solution vs. adjusted pH and superimposing 
these curves onto generated solubility diagrams. The solubility diagrams 
suggested that precipitation reactions were not involved in the adsorption 
processes. 
9. Sulfate adsorption isotherms for the four soils by using the various 
SO/' forms [Cs^SO^, K^SO^, (NHJ^SO^, CaSO* MgSO^, Al2(804)3, and In^CSOJa] 
were constructed when equilibrium systems were carried out at equivalent 
counter-ion concentrations and at a constant 80/ counter-ion concentration 
(12.0 mmolc L'^). For all the 80/ forms, the amounts of SO/' adsorbed by 
Pershing or Rathbun soils were considerably less than those adsorbed by 
Osomo or La Pinera soils. The greater SO/" adsorption by the latter two soils 
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was most likely due to their greater content of hydrous A1 and Fe oxides, and 
possibly their greater content of the more weathered type clay minerals. In 
general, adsorption isotherms followed the order: In2(S04)3 > Al2(S04)3 > 
CaSO^ > MgSO^ > CS2SO4 > K2SO4 > (NHJgSO^. The increase in valence of the 
SO^^' counter-ion could have enhanced bridging and/or coordination reactions 
between 80/' and soil surfaces. Alternatively, metals of greater valence were 
able to form, to a larger extent, ion-pairs than metals of lower valence and, 
therefore, could have enhanced 80/' adsorption. 8peciGc adsorption of metal 
ions on oxide surfaces is known to increase the positive charge on the soil 
surfaces. Di-valent metals and, to a larger extent, tri-valent metals could be 
specifically adsorbed, and therefore increased SO/" adsorption. 
10. The effects of the type and valence of the 80/ counter-ion (metals) 
on the initial linear relationship between metal and 80/' adsorbed by Pershing 
and Rathbun soils when the SO/' counter-ions were added at equivalent 
concentrations were similar, regardless of the 80/' counter-ion, and the slopes 
ranged from 7.3 to 11.9. For Osomo and La Pinera soils, these effects were 
greater and, in general, the slopes increased with increasing valence of the 
SO/' counter-ion. For Osomo soil, the SO/'/M adsorption ratios varied from 
30.3 when K* was the counter-ion to 51.5 when In^* was the counter-ion, and 
for La Pinera soil, firom 39.7 for K28O4 to 82.1 for Al2(S04)3. 
11. The addition of K28O4, CS2SO4, CaS04, or Mg804 solution to soil did 
not significantly affect the pH of the soil-solution mixture. But, Al2(804)3 and 
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1112(804)3 solutions resulted in an instantaneous drop in the pH of the soil-
solution mixture, suggesting rapid Al^* and In®* adsorption (exchange) and the 
consequent release of H*. In addition, the hydrolytic reactions of Al®* or In®* 
could have resulted in the release of three H* from three HgO molecules. 
12. The increase in the valence of the SO^'' counter-ion resulted in 
greater Kj values at any initial 80^^' concentration. For 80^^' solutions 
containing di- and tri-valent counter-ions, the large increase in Kj values at the 
low initial 8O4®' and counter-ion concentrations was possibly due to the increase 
in the adsorption sites caused by the greater valence of the sulfate counter-ion. 
When the sulfate counter-ion was maintained at a constant concentration (12.0 
mmolg L'^), 80/' adsorption was enhanced, possibly due to the formation of ion-
pairs. 
13. The effect of the type and valence of sulfate counter-ion (metal), 
added at equivalent concentrations, on the Langmuir isotherms of 80/' 
adsorption by soils varied widely among the four soils and the various 80/ 
forms. The calculated "one-surface" Langmuir adsorption parameters, X„ and 
k, showed that the affinity of 80/' adsorption by soils in the presence of tri-
valent counter-ions (metals) was relatively high, as reflected by the large 
adsorption maxima, (X^). When the 80/' and its counter-ion were added at 
equivalent concentrations, the values varied from 14.9 mmol^ kg'^ for 
Rathbun soil when Cs* was the counter-ion to 303 mmolg kg"' for Osomo soil 
when In®* was the counter-ion. The corresponding k values for these X„ values 
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were 0.109 and 0.040, respectively. In addition, the X„ values obtained for 
SO/' adsorption by soils when the counter-ions (metals) were maintained at a 
constant concentration (12.0 mmol, L"^) were, in general, lower than those 
obtained when SO/' and its counter-ion were added at equivalent 
concentrations. The values obtained for 80/' adsorption by soils when the 
counter-ions were maintained at a constant concentration ranged from 10.0 
mmolg kg'^ for Rathbun soil by using KgSO^ to 93.7 mmol, kg'^ for Osomo soil by 
using In2(S04)3. The corresponding k values for these values were 0.100 and 
1.28, respectively. The coefficients of determination of the regression lines, 
however, were considerably lower for the plots obtained when SO/' and its 
counter-ion were added at equivalent concentrations than when the counter-ion 
was maintained at a constant concentration. 
14. The calculated parameters (X„i, k^, and kg) of the "two-surface" 
Langmuir equation for the SO/' adsorption data showed that this equation did 
not adequately describe the adsorption isotherm data for SO/' when the 
counter-ion was added at equivalent concentration to SO/', but adequately 
described those data when the concentration of the counter-ion was maintained 
constant. 
15. The estimated adsorption maximum (X^j + X^g) values by the "two-
surface" Langmuir equation were always greater than those estimated by the 
"one-surface" Langmuir equation when the counter-ions were kept at a constant 
concentration. For all the SO,^ adsorption data, the bonding affinity coefficient 
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values of 80/' for the first-part of the adsorption reaction, kj, were greater 
than those for the second-part of the adsorption reaction, kg, suggesting the 
presence of two different adsorption sites, each with different bonding energy. 
16. Plots were obtained from three possible transformations of the 
Langmuir "one-surface" equation, a modified Langmuir equation, and the BET 
equation for the four soils by using the various SO/' forms. These plots 
showed that, over a wide range of SO^^^ concentration, curvilinear plots were 
obtained for most of the adsorption data of the four soils. Of the three possible 
transformations, the C/X vs. C plots were relatively linear when the amount of 
SO/" adsorbed was high. The X/C vs. X plots were always curvilinear 
regardless of the amount of SO/' adsorbed. The 1/X vs. 1/C gave a better linear 
plot, but the least reliable estimates of the adsorption maxima compared with 
the actual values. 
17. Linear relationships were obtained between the surface density (CT) 
and Kj of SO/' at its adsorption maxima for the various SO/' forms. These 
relationships further support the conclusions that no precipitation reactions 
were involved in the adsorption studies reported. 
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APPENDIX 
Table 20. Effect of pH and background electrolyte on the adsorption of sulfate and its counter-ion by Pershing soil 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/ Metal SO/'/M Equilibrium Metal SO/'/M 
pH EC® adsorbed*  ^ adsorbed ratio pH EG I adsorbed adsorbed ratio 
pS m'^  mM —- mmolg kg ^  —- jiS m  ^ mM mmol, , kg-i — 
K.SO, 
3.48 47.0 6.11 4.76 12.61 0.38 3.49 121.4 15.78 3.56 11.17 0.32 
4.00 38.0 4.94 2.06 16.30 0.13 4.06 97.5 12.67 1.72 14.85 0.12 
4.46 31.7 4.12 0.86 20.92 0.04 4.59 96.6 12.56 0.80 19.01 0.04 
4.98 29.0 3.77 0.60 21.38 0.03 4.98 95.8 12.45 0.66 20.30 0.03 
5.50 23.9 3.11 0.20 22.30 0.01 5.49 84.2 10.95 0.20 21.22 0.01 
6.00 21.5 2.80 0.01 25.07 0.00 6.14 84.2 10.95 -0.20 22.41 -0.01 
6.52 23.1 3.00 0.01 27.38 0.00 6.52 84.2 10.95 -0.20 25.14 -0.01 
6.96 23.5 3.06 0.01 30.15 0.00 7.15 80.9 10.52 -0.20 26.91 -0.01 
CsoSO^ 
3.41 56.3 7.32 4.88 29.49 0.17 3.50 121.4 15.78 4.21 27.52 0.15 
4.09 38.9 5.05 2.89 33.52 0.09 4.02 112.8 14.66 1.89 31.29 0.06 
4.54 33.2 4.32 1.04 34.99 0.03 4.52 105.6 13.73 0.82 33.43 0.02 
5.54 29.5 3.84 0.20 36.17 0.01 5.00 104.7 13.61 0.40 34.55 0.01 
5.53 26.7 3.47 0.20 37.37 0.01 5.54 92.0 11.96 0.20 35.70 0.01 
5.97 23.9 3.11 0.00 38.88 0.00 6.01 92.0 11.96 0.00 37.14 0.00 
6.39 25.1 3.26 0.00 40.56 0.00 6.33 92.0 11.96 0.00 38.75 0.00 
6.88 25.1 3.26 0.00 41.83 0.00 6.86 88.4 11.49 0.00 39.00 0.00 
3.51 49.6 6.45 3.20 11.90 
4.06 37.6 4.89 1.66 13.22 
4.55 31.8 4.13 0.64 14.20 
4.92 31.6 4.11 0.02 15.85 
5.45 27.5 3.58 -0.20 18.47 
6.06 24.0 3.12 -0.20 22.09 
6.61 24.0 3.12 -0.20 23.07 
7.00 24.8 3.22 -0.20 26.68 
3.49 47.0 6.11 5.96 4.53 
4.01 35.3 4.59 3.06 11.19 
4.49 30.6 3.98 2.08 17.88 
4.92 27.0 3.51 1.50 21.84 
5.47 26.6 3.46 1.32 25.87 
6.03 21.5 2.80 1.12 28.87 
6.50 21.5 2.80 1.12 31.79 
6.91 21.2 2.76 0.94 35.01 
3.43 50.8 6.60 4.64 9.16 
4.06 35.1 4.56 2.52 12.28 
4.48 29.1 3.78 1.74 13.96 
4.97 26.9 3.50 0.42 18.28 
5.39 24.6 3.20 0.30 21.88 
6.02 24.3 3.16 0.30 26.70 
6.54 22.4 2.91 0.20 34.38 
7.08 23.2 3.02 0.20 38.94 
(NHJoSO 4 
0.27 3.66 99.6 12.95 2.70 10.14 0.27 
0.13 4.13 85.7 11.14 1.20 12.25 0.10 
0.05 4.67 84.9 11.04 0.60 13.25 0.05 
0.00 4.98 79.2 10.30 0.20 14.57 0.01 
-0.01 5.49 75.9 9.87 -0.20 15.85 -0.01 
-0.01 6.15 75.9 9.87 -0.20 18.36 -0.01 
-0.01 6.77 75.9 9.87 -0.20 19.63 -0.01 
-0.01 7.15 75.9 9.87 -0.20 21.53 -0.01 
CaSO  ^
1.32 3.59 98.4 12.79 3.74 1.00 3.74 
0.27 4.19 85.6 11.13 1.86 9.28 0.20 
0.12 4.51 83.2 10.82 1.50 13.99 0.11 
0.07 4.99 80.0 10.40 1.30 18.99 0.07 
0.05 5.63 75.2 9.78 1.12 24.85 0.05 
0.04 6.19 76.8 9.98 0.94 25.84 0.04 
0.04 6.62 73.6 9.57 0.74 30.40 0.02 
0.03 7.17 76.0 9.88 0.74 33.54 0.02 
MrSO, 
0.51 3.66 94.4 12.27 3.00 5.10 0.59 
0.21 4.04 84.8 11.02 2.00 8.78 0.23 
0.12 4.51 81.6 10.61 1.32 12.68 0.10 
0.02 5.07 78.4 10.19 0.36 16.52 0.02 
0.01 5.51 73.6 9.57 0.20 21.08 0.01 
0.01 6.06 74.4 9.67 0.20 23.26 0.01 
0.01 6.53 74.4 9.67 0.20 28.32 0.01 
0.01 7.06 74.4 9.67 0.20 31.36 0.01 
Table 20. (Continued) 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/- Metal SOJ^/M Equilibrium SO/ Metal S0/7M 
pH EC® adsorbed*  ^ adsorbed ratio pH EC I adsorbed adsorbed ratio 
|iS m ^  mM -™ mmolg kg  ^ - |iS m'^  mM —— nunol c kg'^  — 
Ak(SO,)s 
3.46 50.1 6.51 6.78 45.56 0.15 3.54 70.6 9.18 3.92 45.36 0.09 
3.99 37.2 4.84 3.92 48.53 0.08 3.95 62.0 8.06 2.56 47.67 0.05 
4.55 31.3 4.07 2.68 49.27 0.05 4.42 56.5 7.35 2.26 48.45 0.05 
4.96 27.8 3.61 2.26 50.00 0.05 5.04 52.9 6.88 1.50 49.23 0.03 
5.52 25.1 3.26 2.26 50.00 0.05 5.46 50.2 6.53 1.46 50.01 0.03 
6.00 21.5 2.80 1.64 50.00 0.03 6.19 48.6 6.32 1.10 50.01 0.02 
6.50 21.5 2.80 1.40 50.00 0.03 6.57 48.6 6.32 1.00 49.23 0.02 
7.00 21.9 2.85 1.24 48.53 0.03 7.07 49.4 6.42 0.90 48.45 0.02 
In2(S04)3 
3.41 58.5 7.60 6.18 48.18 0.13 3.40 73.7 9.58 4.26 47.85 0.09 
3.87 39.5 5.14 4.50 49.74 0.09 3.88 65.9 8.57 2.72 48.93 0.06 
4.49 33.2 4.32 2.86 50.00 0.06 4.41 58.8 7.64 2.10 48.93 0.04 
4.91 29.3 3.81 2.46 50.00 0.05 4.92 45.9 5.97 1.72 49.29 0.03 
5.49 25.7 3.34 2.06 50.00 0.04 5.40 53.3 6.93 1.32 48.93 0.03 
5.91 22.9 2.98 1.44 50.00 0.03 5.92 49.4 6.42 1.00 48.93 0.02 
6.51 22.1 2.87 1.02 50.00 0.02 6.42 51.0 6.63 0.96 48.93 0.02 
7.03 20.6 2.68 1.02 50.00 0.02 7.03 52.6 6.83 0.78 48.93 0.02 
® EC, indicates electrical conductivity. 
 ^I, indicates ionic strength, estimated from (0.013) x (EC). 
Sulfate added = 2.0 mmol^  L" .^ 
Table 21. Effect of pH and ionic strength on the adsorption of sulfate and its counter-ion by Rathbun soil 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/' Metal SO//M Equilibrium SO/' Metal SO/'/M 
pH EC® adsorbed*  ^adsorbed ratio pH EC I adsorbed adsorbed ratio 
mM —— mmolg kg ^  pS m  ^ mM — mmolg kg'^  — 
K,SO, 
3.51 38.4 4.99 3.50 19.53 0.18 3.38 105.7 13.74 3.40 15.93 0.21 
4.00 27.0 3.51 1.66 20.46 0.08 3.93 89.2 11.60 1.60 17.47 0.09 
4.51 21.2 2.75 0.88 25.07 0.04 4.57 79.3 10.31 0.76 21.92 0.03 
4.98 21.2 2.75 0.60 29.69 0.02 5.07 80.9 10.52 0.60 25.14 0.02 
5.61 20.8 2.70 0.20 35.69 0.01 5.57 81.8 10.63 0.20 27.44 0.01 
6.02 21.2 2.75 -0.04 37.07 -0.00 6.16 80.9 10.52 -0.20 30.20 -0.01 
6.49 21.2 2.75 -0.04 39.11 -0.00 6.74 80.9 10.52 -0.20 32.35 -0.01 
7.01 20.8 2.70 -0.08 41.23 -0.00 7.13 81.8 10.63 -0.20 33.97 -0.01 
CsoSO. 
3.43 42.5 5.52 3.76 35.67 0.11 3.52 99.6 12.95 3.44 33.29 0.10 
3.89 30.8 4.00 1.89 38.20 0.05 3.99 96.2 12.50 1.80 35.65 0.05 
4.44 23.9 3.11 1.30 40.47 0.03 4.52 92.8 12.06 1.11 38.66 0.03 
5.09 24.7 3.21 1.00 43.30 0.02 5.00 86.6 11.25 0.40 41.36 0.01 
5.40 23.9 3.11 0.60 45.79 0.01 5.55 83.0 10.78 0.40 43.74 0.01 
5.89 23.9 3.11 0.50 48.30 0.01 6.04 83.0 10.78 0.30 44.21 0.01 
6.38 24.3 3.16 0.40 48.19 0.01 6.38 83.0 10.78 0.20 45.02 0.00 
6.96 26.7 3.47 0.00 43.03 0.00 6.94 83.0 10.78 0.00 46.65 0.00 
3.46 37.2 4.84 2.34 15.86 
3.95 29.5 3.84 0.64 17.82 
4.53 22.1 2.87 0.22 21.76 
5.04 22.1 2.87 0.22 26.68 
5.49 22.1 2.87 0.22 29.64 
6.04 22.1 2.87 0.20 35.88 
6.58 22.5 2.93 0.10 34.57 
7.15 25.6 3.33 0.00 35.98 
3.54 36.4 4.73 4.04 1.00 
3.91 26.6 3.46 2.66 1.94 
4.47 20.4 2.65 2.10 13.44 
4.95 21.5 2.80 1.90 29.80 
5.48 26.6 3.46 1.80 37.22 
5.89 21.2 2.76 1.70 42.33 
6.47 21.5 2.80 1.70 43.35 
7.19 25.5 3.32 1.70 45.91 
3.50 35.1 4.56 3.74 18.44 
3.92 27.2 3.54 2.32 29.10 
4.49 20.2 2.63 1.32 32.22 
4.94 20.2 2.63 0.86 41.84 
5.36 20.2 2.63 0.84 44.72 
5.81 20.9 2.72 0.84 46.40 
6.39 21.3 2.77 0.66 46.86 
7.03 23.5 3.05 0.02 47.42 
(NHJoSO 4 
0.15 3.68 86.5 11.25 1.98 12.98 0.15 
0.04 4.10 81.6 10.61 0.60 14.25 0.04 
0.01 4.55 75.1 9.76 0.20 15.83 0.01 
0.01 5.06 75.1 9.76 0.20 20.58 0.01 
0.01 5.55 73.5 9.56 0.01 22.48 0.00 
0.01 6.10 73.5 9.56 0.01 25.32 0.00 
0.00 6.69 73.5 9.56 0.01 26.59 0.00 
0.00 6.98 73.5 9.56 0.00 27.85 0.00 
CaSO  ^
4.04 3.63 85.6 11.13 3.36 0.50 6.72 
1.37 4.06 78.4 10.19 1.86 1.38 1.35 
0.16 4.53 72.0 9.36 1.34 8.48 0.16 
0.06 5.05 72.0 9.36 0.94 20.42 0.05 
0.05 5.63 72.0 9.36 0.40 29.50 0.01 
0.04 6.04 72.8 9.46 0.40 32.36 0.01 
0.04 6.98 73.6 9.57 0.40 36.24 0.01 
0.04 7.16 74.4 9.67 0.20 39.36 0.01 
MrSO, 
0.20 3.63 84.0 10.92 2.74 7.54 0.36 
0.08 4.06 77.6 10.09 1.68 14.10 0.12 
0.04 4.53 74.4 9.67 0.84 19.84 0.04 
0.02 5.05 71.2 9.26 0.66 28.76 0.02 
0.02 5.63 72.0 9.36 0.66 34.90 0.02 
0.02 6.04 72.0 9.36 0.58 38.06 0.02 
0.01 6.98 71.2 9.26 0.20 40.80 0.00 
0.00 7.16 74.4 9.67 0.04 43.02 0.00 
Table 21. (Continued) 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO," Metal SO/VM Equilibrium 80/ Metal so/m 
pH EC  ^ lb adsorbed*  ^adsorbed ratio pH EC I adsorbed adsorbed ratio 
}iS m  ^ mM — mmoL kg  ^ — pS m"  ^ mM — mmol c kg-  ^ — 
Ayso^X: 
3.49 37.2 4.84 5.70 44.82 0.13 3.44 61.2 7.96 4.34 43.05 0.10 
3.94 27.4 3.56 4.14 47.79 0.09 3.98 52.9 6.88 3.78 46.14 0.08 
4.60 20.4 2.65 3.30 50.01 0.07 4.52 48.6 6.32 2.94 48.45 0.06 
5.01 20.8 2.70 2.32 50.01 0.05 4.94 47.1 6.12 2.24 49.23 0.05 
5.49 20.4 2.65 2.14 50.01 0.04 5.43 47.8 6.21 1.88 49.23 0.04 
5.97 20.8 2.70 2.14 50.01 0.04 5.92 48.6 6.32 1.50 49.23 0.03 
6.31 20.8 2.70 2.14 41.11 0.05 6.38 48.6 6.32 1.50 40.21 0.04 
6.91 22.3 2.90 1.28 34.43 0.04 7.02 49.4 6.42 0.98 29.13 0.03 
In2(S04)3 
3.40 41.1 5.34 6.98 47.13 0.15 3.40 64.3 8.36 5.12 42.78 0.12 
3.93 31.6 4.11 5.78 49.23 0.12 3.77 54.9 7.14 4.34 46.38 0.09 
4.40 22.9 2.98 4.38 49.74 0.09 4.26 51.2 6.66 3.94 48.57 0.08 
5.01 22.1 2.87 3.78 50.01 0.08 5.13 47.8 6.21 2.96 49.29 0.06 
5.54 21.0 2.73 3.58 50.01 0.07 5.59 49.4 6.42 2.76 48.93 0.06 
6.01 19.0 2.47 2.00 50.01 0.04 5.94 49.4 6.42 2.02 49.29 0.04 
6.50 21.3 2.77 1.00 50.01 0.02 6.53 49.4 6.42 1.58 48.57 0.03 
7.00 22.1 2.87 0.40 42.69 0.01 7.12 52.9 6.88 0.58 41.34 0.01 
® EC, indicates electrical conductivity. 
 ^I, indicates ionic strength, estimated from (0.013) x (EC). 
Sulfate added = 2.0 mmol^  L'^ . 
Table 22. Effect of pH and background electrolyte on the adsorption of sulfate and its counter-ion by Osomo soil 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/ Metal SO/"/M Equilibrium SO/' Metal SO/'/M 
pH EC  ^ adsorbed*  ^adsorbed ratio pH EC I adsorbed adsorbed ratio 
pS m ^  mM —— mmolg kg ^  —— pS m  ^ mM — mmoL kg'^  — 
K.SO, 
3.47 85.4 11.10 31.20 1.69 18.46 3.60 125.5 16.32 27.70 0.80 34.63 
4.01 61.9 8.05 26.86 4.18 6.43 4.14 119.8 15.57 18.84 3.00 6.28 
4.51 38.0 4.94 13.66 7.99 1.71 4.67 99.1 12.88 13.70 6.45 2.12 
5.03 29.0 3.77 8.06 12.61 0.64 5.09 90.0 11.70 8.08 10.74 0.75 
5.50 28.6 3.72 4.56 16.30 0.28 5.56 88.4 11.49 4.24 14.42 0.29 
6.00 29.4 3.82 2.90 22.76 0.13 5.97 89.2 11.60 2.76 17.80 0.16 
6.47 32.9 4.28 1.76 29.23 0.06 6.65 89.2 11.60 0.86 19.64 0.04 
7.05 34.5 4.48 0.52 34.30 0.02 7.14 90.9 11.81 0.40 25.47 0.02 
CSnSO. 
3.44 92.3 12.00 32.20 13.25 2.43 3.49 125.5 16.32 27.80 12.37 2.25 
3.94 64.8 8.42 22.58 16.63 1.36 4.05 119.8 15.57 21.00 15.52 1.35 
4.41 42.9 5.58 14.92 22.35 0.67 4.45 108.3 14.08 12.90 21.35 0.60 
5.08 31.6 4.11 8.46 25.46 0.33 5.02 98.4 12.79 6.56 24.32 0.27 
5.60 32.4 4.21 4.82 29.19 0.17 5.58 96.6 12.56 4.44 27.89 0.16 
5.99 33.6 4.37 3.34 32.29 0.10 6.04 97.5 12.67 2.88 30.85 0.09 
6.46 34.4 4.47 2.72 36.69 0.07 6.39 97.5 12.67 1.06 33.05 0.03 
6.94 39.3 5.11 0.80 41.89 0.02 6.89 99.3 12.91 0.40 36.54 0.01 
3.49 82.2 10.69 30.00 2.38 
4.04 55.1 7.16 21.50 7.87 
4.55 41.1 5.34 12.56 12.56 
5.08 30.2 3.93 7.02 14.86 
5.46 30.2 3.93 4.90 16.17 
5.81 31.0 4.03 4.04 21.43 
6.41 37.3 4.85 2.98 26.38 
6.97 39.6 5.15 0.64 30.30 
3.51 69.7 9.06 32.82 1.10 
3.94 56.4 7.33 28.00 3.12 
4.48 37.6 4.89 16.66 8.12 
4.97 27.8 3.61 11.40 16.12 
5.50 39.8 5.17 8.28 32.37 
5.89 29.0 3.77 7.14 36.12 
6.35 29.0 3.77 6.02 41.93 
7.00 34.5 4.48 3.00 46.26 
3.48 84.1 10.93 32.24 2.20 
3.98 53.0 6.89 25.80 5.40 
4.53 36.2 4.71 17.32 8.68 
4.99 26.5 3.45 10.28 19.48 
5.41 26.5 3.45 6.56 28.62 
5.88 28.0 3.64 5.32 36.78 
6.39 29.1 3.78 3.68 42.12 
6.93 34.0 4.42 0.82 47.30 
(m),sQ. 
12.61 3.58 130.6 16.98 27.20 1.86 14.62 
2.73 4.09 106.9 13.90 19.54 3.39 5.76 
1.00 4.59 88.1 11.46 12.06 7.29 1.65 
0.47 5.06 84.9 11.03 6.54 9.82 0.67 
0.30 5.52 80.8 10.50 4.36 12.04 0.36 
0.19 6.01 80.8 10.50 2.82 13.62 0.21 
0.11 6.41 83.3 10.82 0.98 14.57 0.07 
0.02 7.33 83.3 10.83 0.40 18.05 0.02 
CaSO, 
29.84 3.60 125.6 16.33 26.22 0.50 52.44 
8.97 4.08 104.0 13.52 19.76 2.65 7.47 
2.05 4.52 90.4 11.75 12.30 6.20 1.98 
0.71 5.01 81.6 10.61 8.02 15.04 0.53 
0.26 5.46 80.0 10.40 5.54 29.35 0.19 
0.20 6.00 82.4 10.71 4.62 32.46 0.14 
0.14 6.51 83.2 10.82 1.92 37.05 0.05 
0.06 7.10 83.2 10.82 0.96 40.35 0.02 
MeSO. 
14.65 3.63 124.0 16.12 27.66 0.43 63.73 
4.78 4.15 100.0 13.00 20.64 4.54 4.55 
2.00 4.70 88.0 11.44 12.50 11.68 1.07 
0.53 5.06 80.0 10.40 8.72 17.06 0.51 
0.23 5.52 76.8 9.98 6.06 25.68 0.24 
0.14 5.84 80.0 10.40 3.42 30.04 0.11 
0.09 6.42 80.0 10.40 2.62 37.52 0.07 
0.02 9.60 83.2 10.82 1.12 41.47 0.03 
Table 22. (Continued) 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/ Metal SO/-/M Equilibrium SO/ Metal SO/-/M 
pH EC® ih adsorbed*  ^adsorbed ratio pH EC I adsorbed adsorbed ratio 
jiiS m ^  mM mmolg kg ^  —— p8 m'l mM — mmol .kg-' — 
Al2(S04)3 
3.53 77.9 10.13 35.46 3.00 11.82 3.58 92.6 12.03 28.48 6.00 4.75 
3.97 53.3 6.93 30.88 26.29 1.17 3.99 70.6 9.18 25.36 33.00 0.77 
4.47 35.4 4.60 21.34 47.79 0.45 4.42 62.7 8.16 19.38 46.92 0.41 
5.01 26.2 3.41 16.22 50.01 0.32 4.91 52.9 6.88 14.24 48.45 0.29 
5.55 27.0 3.51 11.64 50.01 0.23 5.41 54.1 7.04 9.60 49.23 0.20 
5.89 27.0 3.51 9.06 50.01 0.18 5.86 53.3 6.93 7.30 50.01 0.15 
6.44 29.4 3.82 7.12 46.30 0.15 6.55 54.1 7.04 6.20 49.23 0.13 
7.06 34.5 4.48 3.58 29.25 0.12 7.01 58.0 7.54 3.28 39.18 0.08 
In2(S04)3 
3.41 80.3 10.44 36.06 48.69 0.74 3.40 94.1 12.23 31.78 47.85 0.66 
3.88 51.4 6.68 31.78 49.74 0.64 3.88 72.2 9.38 26.46 49.29 0.54 
4.35 32.8 4.26 21.32 50.01 0.43 4.41 62.7 8.16 19.58 49.29 0.40 
4.94 27.7 3.60 14.34 50.01 0.29 4.92 53.3 6.93 12.92 49.29 0.26 
5.03 26.5 3.45 10.46 50.01 0.21 5.39 45.9 5.97 7.92 49.65 0.16 
5.39 27.7 3.60 7.34 49.74 0.15 5.92 55.7 7.24 4.58 49.29 0.09 
5.88 29.3 3.81 2.86 46.86 0.06 6.42 57.3 7.44 2.50 46.66 0.05 
6.45 31.6 4.11 1.84 42.69 0.04 7.03 60.8 7.90 1.64 43.21 0.04 
® EC, indicates electrical conductivity. 
 ^I, indicates ionic strength, estimated from (0.013) x (EC). 
® Sulfate added = 2.0 mmol^  L" .^ 
Table 23. Effect of pH and background electrolyte on the adsorption of sulfate and its counter-ion by La Pinera soil 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium SO/ Metal 80//M Equilibrium SO/" Metal SO/'/M 
pH EC® adsorbed'^  adsorbed ratio pH EC I adsorbed adsorbed ratio 
|iS m ^  mM -™ mmolg kg ^  —- pS m ' mM — mmol c kg^ — 
K.SO, 
3.54 53.3 6.92 22.76 4.99 4.56 3.66 103.2 13.42 21.98 4.73 4.65 
4.00 34.5 4.48 19.56 8.11 2.41 4.04 98.2 12.77 16.92 7.03 2.41 
4.44 25.5 3.31 13.36 12.15 1.10 4.58 84.2 10.95 10.00 9.80 1.02 
4.90 21.2 2.75 5.90 16.76 0.35 5.14 80.9 10.52 4.14 13.79 0.30 
5.64 21.5 2.80 1.86 21.38 0.09 5.61 80.9 10.52 1.20 16.24 0.07 
6.00 22.7 2.95 0.02 27.38 0.00 6.55 82.6 10.74 0.20 20.23 0.01 
6.55 24.7 3.21 0.02 29.23 0.00 6.77 84.2 10.95 0.02 22.07 0.00 
7.01 25.5 3.31 0.02 30.61 0.00 7.18 86.7 11.27 0.02 24.83 0.00 
CsoSO. 
3.46 56.7 7.37 22.98 8.05 2.85 3.60 97.9 12.73 20.68 7.51 2.75 
3.86 35.2 4.58 19.56 9.56 2.05 3.98 89.2 11.60 17.00 8.92 1.91 
4.42 27.9 3.63 14.02 9.65 1.45 4.55 81.2 10.56 13.78 11.45 1.20 
4.51 24.3 3.16 7.72 16.94 0.46 5.12 81.2 10.56 2.74 16.18 0.17 
5.16 25.1 3.26 2.34 21.00 0.11 5.66 81.2 10.56 2.00 20.06 0.10 
5.56 25.1 3.26 1.06 24.37 0.04 5.92 91.0 11.83 0.88 23.28 0.04 
6.03 27.1 3.52 0.64 27.04 0.02 6.66 91.0 11.83 0.20 25.83 0.01 
6.92 38.9 5.06 0.22 35.28 0.01 7.01 84.7 11.02 0.00 29.74 0.00 
3.46 53.9 7.01 22.34 2.86 
3.94 33.7 4.38 19.36 6.20 
4.40 27.9 3.63 11.50 8.55 
5.19 25.2 3.28 2.34 11.90 
5.66 25.6 3.33 1.06 16.17 
6.12 26.4 3.43 0.64 21.76 
6.61 27.5 3.58 0.22 25.04 
7.22 31.8 4.13 -0.20 29.64 
3.46 48.6 6.32 23.62 2.00 
3.92 28.2 3.67 22.12 3.47 
4.35 24.3 3.16 15.30 7.56 
5.00 21.2 2.76 9.40 17.58 
5.50 21.2 2.76 6.26 22.65 
5.88 22.3 2.90 4.18 33.89 
6.50 22.3 2.90 2.08 43.35 
6.89 25.9 3.37 1.50 46.93 
3.44 56.7 7.37 24.50 2.24 
3.95 28.4 3.69 18.76 4.82 
4.55 23.1 3.00 13.76 13.96 
4.91 19.8 2.57 8.02 24.54 
5.43 20.2 2.63 4.16 31.26 
5.87 19.4 2.52 2.50 40.62 
6.41 22.8 2.96 1.70 43.94 
6.96 29.1 3.78 0.10 46.86 
(NHJoSO. 
7.81 3.60 97.9 12.73 20.32 1.00 20.32 
3.12 4.06 81.6 10.61 16.02 1.27 12.61 
1.35 4.55 74.3 9.66 10.16 2.85 3.56 
0.20 5.06 74.3 9.66 2.74 6.96 0.39 
0.07 5.54 74.3 9.66 1.56 10.12 0.15 
0.03 6.03 83.3 10.82 0.98 13.29 0.07 
0.01 6.49 83.3 10.82 0.20 16.77 0.01 
-0.01 6.90 77.5 10.08 0.02 19.61 0.00 
CaSO, 
11.81 3.65 94.0 12.22 23.62 1.30 18.17 
6.37 4.07 81.6 10.61 17.30 2.34 7.39 
2.02 4.49 74.4 9.67 11.92 6.00 1.99 
0.53 4.94 72.0 9.36 8.08 15.22 0.53 
0.28 5.39 72.0 9.36 6.16 23.74 0.26 
0.12 5.77 73.6 9.57 3.92 31.98 0.12 
0.05 6.39 74.4 9.67 2.04 39.80 0.05 
0.03 6.94 75.2 9.78 0.18 44.70 0.00 
MrSO, 
10.94 3.64 94.4 12.27 21.64 2.64 8.20 
3.89 4.07 83.2 10.82 17.46 3.16 5.53 
0.99 4.54 75.2 9.78 11.40 7.36 1.55 
0.33 5.00 72.0 9.36 5.42 13.44 0.40 
0.13 5.44 72.8 9.46 3.36 20.68 0.16 
0.06 5.89 73.6 • 9.57 1.12 28.22 0.04 
0.04 6.40 73.6 9.57 0.50 35.98 0.01 
0.00 6.87 75.2 9.78 0.10 42.02 0.00 
Table 23. (Continued) 
1.0 mM NaCl background electrolyte 10.0 mM NaCl background electrolyte 
Equilibrium 80,^  Metal S0/7M Equilibrium 8O42- Metal so/m 
pH EC  ^ lb adsorbed*  ^adsorbed ratio pH EC I adsorbed adsorbed ratio 
jiS m  ^ mM mmolg kg ^  —— p8 m ' mM — mmol c kg'^  — 
Ak(SO,)s 
3.44 58.8 7.64 26.24 2.30 11.41 3.59 65.1 8.46 26.24 0.30 87.47 
3.90 30.2 3.93 23.94 4.30 5.57 4.01 54.1 7.04 20.44 4.10 4.99 
4.46 17.6 2.29 22.10 18.21 1.21 4.55 50.2 6.53 18.98 18.31 1.04 
4.90 18.0 2.34 19.32 42.60 0.45 5.09 47.1 6.12 17.52 41.52 0.42 
5.50 18.8 2.44 14.04 48.53 0.29 5.63 47.1 6.12 14.24 47.67 0.30 
5.84 21.5 2.80 8.80 50.00 0.18 6.08 48.6 6.32 8.04 49.23 0.16 
6.35 23.1 3.00 2.92 50.00 0.06 6.61 50.2 6.53 2.20 44.43 0.05 
6.80 28.0 3.64 0.20 50.00 0.00 7.06 50.6 6.58 0.36 28.30 0.01 
1112(804)3 
3.39 47.4 6.16 29.30 47.13 0.62 3.46 66.7 8.67 24.62 44.94 0.55 
3.79 28.1 3.65 24.70 49.23 0.50 3.88 53.3 6.93 23.08 47.49 0.49 
4.24 21.0 2.73 23.10 49.74 0.46 4.37 47.1 6.12 20.38 48.57 0.42 
4.46 17.8 2.31 18.88 50.01 0.38 5.04 50.2 6.53 17.30 49.29 0.35 
4.99 18.6 2.42 14.26 50.01 0.29 5.99 49.4 6.42 8.84 50.01 0.18 
5.50 21.0 2.73 6.54 50.01 0.13 6.44 52.6 6.83 4.24 49.65 0.09 
6.01 22.9 2.98 1.54 48.18 0.03 6.57 53.3 6.93 1.16 47.49 0.02 
6.58 27.7 3.60 0.00 44.25 0.00 7.10 55.7 7.24 0.38 44.58 0.01 
® EC, indicates electrical conductivity. 
 ^I, indicates ionic strength, estimated from (0.013) x (EC). 
Sulfate added = 2.0 mmol^  L" .^ 
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Table 24. Metal content of the equilibrium solutions indicated obtained 
in sulfate adsorption studies of the four soils in the presence 
on 1.0 mM NaCl as a background electrolyte 
pH K Ca Mg Mn Fe A1 
mmolg L'^ 
Pershing soil 
KpSO. 
3.48 3.116 1.109 0.006 0.000 0.000 
4.00 2.406 0.882 0.003 0.000 0.000 
4.46 1.929 0.731 0.002 0.000 0.000 
4.98 1.564 0.621 0.001 0.000 0.000 
5.50 1.175 0.481 0.000 0.031 0.000 
6.00 0.832 0.377 0.000 0.112 0.204 
6.52 0.665 0.331 0.000 0.276 0.654 
6.96 0.410 0.247 0.000 0.412 1.226 
CsoSO. 
3.41 0.175 2.852 1.158 0.068 0.000 0.063 
4.09 0.148 2.001 0.889 0.032 0.000 0.000 
4.54 0.136 1.610 0.727 0.020 0.000 0.000 
5.54 0.129 1.369 0.704 0.011 0.000 0.000 
5.53 0.118 1.185 0.646 0.008 0.000 0.000 
5.97 0.112 0.897 0.504 0.001 0.022 0.032 
6.39 0.111 0.702 0.414 0.000 0.115 0.032 
6.88 0.108 0.506 0.327 0.001 0.207 0.317 
(NHJoSO. 
3.51 0.116 2.440 1.066 0.006 0.000 0.068 
4.06 0.103 1.608 0.782 0.003 0.000 0.000 
4.55 0.093 1.331 0.608 0.001 0.000 0.000 
4.92 0.091 1.220 0.562 0.001 0.000 0.000 
5.45 0.088 0.933 0.474 0.000 0.020 0.034 
6.06 0.080 0.527 0.349 0.000 0.110 0.271 
6.61 0.085 0.116 0.288 0.001 0.591 0.814 
7.00 0.090 0.047 0.236 0.001 0.784 1.390 
Table 24. (Contiued) 
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pH K Ca Mg Mn Fe Al 
T L-i 
CaSO, 
3.49 0.088 0.848 0.055 0.000 0.043 
4.01 0.064 0.711 0.033 0.000 0.000 
4.49 0.059 0.609 0.018 0.000 0.000 
4.92 0.055 0.552 0.011 0.000 0.000 
5.47 0.051 0.505 0.007 0.000 0.000 
6.03 0.044 0.401 0.000 0.007 0.000 
6.50 0.045 0.372 0.000 0.011 0.000 
6.91 0.041 0.284 0.000 0.087 0.174 
M^SO, 
3.43 0.206 2.855 0.066 0.004 0.034 
4.06 0.100 2.042 0.031 0.000 0.000 
4.48 0.070 1.617 0.020 0.000 0.000 
4.97 0.069 1.423 0.011 0.000 0.000 
5.39 0.061 1.368 0.007 0.004 0.000 
6.02 0.053 0.933 0.000 0.012 0.000 
6.54 0.054 0.980 0.000 0.038 0.069 
7.08 0.059 0.638 0.000 0.142 0.310 
Alo(SOJ, 
3.46 0.118 3.047 1.281 0.064 0.000 
3.99 0.104 2.399 1.052 0.046 0.000 ... 
4.55 0.091 2.014 0.894 0.029 0.000 ... 
4.96 0.083 1.795 0.833 0.027 0.000 ... 
5.52 0.075 1.620 0.730 0.019 0.000 ... 
6.00 0.067 1.173 0.540 0.010 0.000 ... 
6.50 0.062 1.007 0.494 0.007 0.000 
7.00 0.052 0.595 0.304 0.002 0.029 
Ino(SO.), 
3.41 0.112 3.375 1.441 0.071 0.004 0.143 
3.87 0.085 2.640 1.129 0.045 0.000 0.036 
4.49 0.069 2.377 0.929 0.031 0.000 0.000 
4.91 0.073 1.932 0.848 0.025 0.000 0.000 
5.49 0.067 1.669 0.759 0.019 0.000 0.000 
5.91 0.063 1.325 0.613 0.013 0.000 0.000 
6.51 0.056 0.944 0.466 0.007 0.007 0.000 
7.03 0.044 0.802 0.378 0.004 0.019 0.000 
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Table 24. (Continued) 
pH K Ca Mg Mn Fe Al 
immole 
Rathbun soil 
3.51 1.552 0.622 0.000 0.000 0.041 
4.00 1.164 0.442 0.000 0.000 0.000 
4.51 0.721 0.277 0.000 0.000 0.000 
4.98 0.266 0.109 0.000 0.000 0.000 
5.61 0.122 0.050 0.000 0.026 0.000 
6.02 0.122 0.134 0.000 0.745 2.003 
6.49 0.133 0.191 0.000 1.118 3.107 
7.01 0.388 0.755 
CsoSOj 
0.000 4.429 15.789 
3.43 0.097 1.472 0.737 0.002 0.000 0.127 
3.89 0.086 1.173 0.595 0.001 0.000 0.032 
4.44 0.072 0.759 0.403 0.001 0.000 0.032 
5.09 0.061 0.449 0.243 0.000 0.000 0.032 
5.40 0.046 0.219 0.128 0.000 0.000 0.000 
5.89 0.036 0.092 0.068 0.000 0.126 0.285 
6.38 0.113 0.138 0.278 0.001 1.493 5.385 
6.96 0.386 0.483 0.819 
(NHJ„SO. 
0.003 5.890 20.243 
3.46 0.065 1.284 0.615 0.000 0.000 0.068 
3.95 0.061 0.896 0.424 0.000 0.000 0.000 
4.53 0.050 0.434 0.211 0.000 0.000 0.000 
5.04 0.039 0.194 0.100 0.000 0.000 0.000 
5.49 0.031 0.043 0.050 0.000 0.057 0.170 
6.04 0.041 0.004 0.095 0.000 0.747 1.458 
6.58 0.196 0.000 0.454 0.000 6.231 11.696 
7.15 0.573 0.000 0.926 0.001 13.859 42.037 
Table 24, (Contiued) 
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pH K Ca Mg Mn Fe Al 
L'i 
CaSO, 
3.54 0.054 0.535 0.002 0.002 0.087 
3.91 0.050 0.439 0.000 0.000 0.000 
4.47 0.043 0.335 0.000 0.000 0.000 
4.95 0.038 0.189 0.000 0.000 0.000 
5.48 0.036 0.117 0.000 0.000 0.000 
5.89 0.033 0.068 0.000 0.022 0.000 
6.47 0.030 0.061 0.000 0.282 0.087 
7.19 0.017 0.316 0.000 1.300 6.124 
MgSO, 
3.50 0.060 1.534 0.002 0.000 0.034 
3.92 0.051 1.174 0.000 0.000 0.000 
4.49 0.044 0.804 0.000 0.000 0.000 
4.94 0.041 0.499 0.000 0.000 0.000 
5.36 0.032 0.277 0.000 0.000 0.000 
5.81 0.028 0.148 0.000 0.027 0.000 
6.39 0.061 0.129 0.000 1.228 2.616 
7.03 0.155 0.471 0.004 2.993 18.245 
Alo(SOJ, 
3.49 0.073 1.795 0.826 0.003 0.000 
3.94 0.067 1.453 0.690 0.001 0.000 
4.60 0.056 0.875 0.411 0.001 0.000 
5.01 0.051 0.630 0.302 0.001 0.000 
5.49 0.039 0.280 0.138 0.001 0.000 
5.97 0.027 0.114 0.038 0.000 0.010 - -
6.31 0.025 0.061 0.038 0.001 0.152 
6.91 0.064 0.271 0.680 0.004 4.620 
Ino(SOJ, 
3.40 0.059 1.805 0.794 0.004 0.004 0.108 
3.93 0.055 1.470 0.655 0.001 0.000 0.072 
4.40 0.050 1.034 0.470 0.001 0.000 0.036 
5.01 0.043 0.617 0.279 0.000 0.000 0.000 
5.54 0.032 0.236 0.108 0.000 0.000 0.000 
6.01 0.025 0.109 0.050 0.000 0.000 0.000 
6.50 0.022 0.045 0.037 0.000 0.082 0.251 
7.00 0.017 0.026 0.030 0.000 0.190 0.422 
Table 24. (Continued) 
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pH K Ca Mg Mn Fe Al 
mmolg L'^ 
Osomo soil 
K,SO, 
3.47 5.156 0.755 0.018 0.002 3.638 
4.01 4.569 0.712 0.014 0.004 0.858 
4.51 2.417 0.497 0.005 0.000 0.000 
5.03 1.275 0.318 0.002 0.000 0.000 
5.50 0.510 0.148 0.001 0.013 0.000 
6.00 0.211 0.059 0.000 0.037 0.123 
6.47 0.144 0.025 0.000 0.193 0.736 
7.05 0.222 0.032 0.001 0.281 1.267 
CsoSO. 
3.44 0.857 3.531 0.683 0.141 0.000 2.914 
3.94 0.826 2.967 0.644 0.100 0.000 0.412 
4.41 0.703 1.714 0.476 0.042 0.000 0.032 
5.08 0.643 0.932 0.323 0.016 0.000 0.000 
5.60 0.585 0.518 0.202 0.008 0.007 0.000 
5.99 0.527 0.265 0.117 0.004 0.022 0.127 
6.46 0.424 0.127 0.051 0.003 0.067 0.317 
6.94 0.297 0.127 0.037 0.005 0.193 1.014 
(NHJoSO. 
3.49 0.611 2.985 0.794 0.015 0.000 2.407 
4.04 0.567 2.920 0.664 0.009 0.000 0.203 
4.55 0.570 1.857 0.556 0.004 0.000 0.034 
5.08 0.450 0.804 0.274 0.001 0.000 0.000 
5.46 0.380 0.379 0.152 0.000 0.014 0.034 
5.81 0.339 0.103 0.088 0.000 0.048 0.136 
6.41 0.260 0.043 0.040 0.000 0.042 0.170 
6.97 0.210 0.020 0.036 0.000 0.099 0.441 
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Table 24. (Contiued) 
pH K Ca Mg Mn Fe Al 
mmolg L'^ 
CaSO. 
3.51 0.560 0.544 0.133 0.000 1.433 
3.94 0.514 0.663 0.099 0.000 0.261 
4.48 0.439 0.391 0.046 0.000 0.000 
4.97 0.391 0.292 0.022 0.000 0.000 
5.50 0.364 0.214 0.011 0.004 0.000 
5.89 0.324 0.146 0.006 0.011 0.000 
6.35 0.291 0.095 0.003 0.026 0.043 
7.00 0.188 0.020 0.002 0.111 0.391 
MgSO^ 
3.48 0.667 4.177 0.148 0.004 2.754 
3.98 0.571 3.160 0.099 0.000 0.310 
4.53 0.480 1.931 0.044 0.000 0.000 
4.99 0.420 1.100 0.020 0.000 0.000 
5.41 0.393 0.758 0.011 0.000 0.000 
5.88 0.365 0.471 0.006 0.019 0.034 
6.39 0.297 0.222 0.002 0.046 0.172 
6.93 0.192 0.129 0.005 0.230 1.102 
AlofSOJ, 
3.53 0.590 3.624 0.698 0.147 0.006 
3.97 0.538 3.519 0.653 0.109 0.003 
4.47 0.581 2.460 0.553 0.062 0.000 
5.01 0.472 1.497 0.399 0.031 0.000 
5.55 0.403 0.989 0.304 0.019 0.000 
5.89 0.360 0.543 0.184 0.008 0.006 
6.44 0.273 0.228 0.084 0.004 0.039 
7.06 0.143 0.088 0.021 0.004 0.171 
Ino(SOJ, 
3.41 0.587 4.491 0.759 0.146 0.000 3.766 
3.88 0.541 3.883 0.724 0.104 0.000 0.753 
4.35 0.492 2.822 0.609 0.064 0.000 0.072 
4.94 0.435 1.815 0.453 0.031 0.000 0.000 
5.03 0.374 1.062 0.304 0.016 0.000 0.000 
5.39 0.332 0.563 0.185 0.007 0.004 0.000 
5.88 0.255 0.163 0.056 0.003 0.068 0.251 
6.45 0.175 0.091 0.020 0.003 0.140 0.610 
Table 24. (Continued) 
330 
pH K Ca Mg Mn Fe Al 
mm oie L'^ 
La Pinera soil 
KoSO. 
3.54 0.150 0.055 0.001 0.046 3.557 
4.00 0.140 0.053 0.001 0.029 1.226 
4.44 0.108 0.046 0.000 0.002 0.082 
4.90 0.033 0.021 0.000 0.007 0.000 
5.64 0.014 0.012 0.000 0.658 1.758 
6.00 0.006 0.013 0.000 3.069 5.066 
6.55 0.007 0.015 0.000 3.135 11.787 
7.01 0.011 0.018 0.000 4.078 14.177 
CsoSO. 
3.64 0.102 0.119 0.063 0.008 0.033 3.200 
3.86 0.087 0.117 0.053 0.007 0.015 0.919 
4.42 0.090 0.106 0.051 0.005 0.004 0.158 
4.51 0.079 0.040 0.027 0.001 0.004 0.032 
5.16 0.114 0.035 0.046 0.003 0.000 0.000 
5.56 0.066 0.030 0.007 0.000 1.348 4.879 
6.03 0.078 0.007 0.003 0.001 4.093 11.056 
6.92 0.042 0.007 0.007 0.002 4.527 14.414 
(NHJ.SO, 
3.46 0.055 0.002 0.055 0.001 0.040 2.509 
3.94 0.051 0.015 0.058 0.001 0.017 0.576 
4.40 0.046 0.055 0.048 0.000 0.000 0.068 
5.19 0.036 0.003 0.010 0.000 0.650 2.034 
5.66 0.035 0.001 0.011 0.000 1.866 6.238 
6.12 0.030 0.000 0.008 0.000 5.479 10.035 
6.61 0.024 0.000 0.008 0.000 7.413 11.298 
7.22 0.033 0.000 0.015 0.000 7.789 12.984 
Table 24. (Contiued) 
331 
pH K Ca Mg Mn Fe Al 
mmolg L ' 
CaSO. 
3.46 0.042 0.045 0.008 0.035 0.217 
3.92 0.039 0.041 0.006 0.013 0.695 
4.35 0.037 0.040 0.005 0.000 4.865 
5.00 0.032 0.030 0.002 0.000 0.000 
5.50 0.032 0.027 0.001 0.000 0.000 
5.88 0.027 0.018 0.000 0.002 0.000 
6.50 0.030 0.013 0.000 1.136 3.040 
6.89 0.017 0.006 0.000 1.332 4.517 
3.44 0.130 0.239 
MgSO, 
0.008 0.042 3.752 
3.95 0.048 0.182 0.006 0.015 0.654 
4.55 0.044 0.136 0.005 0.000 0.034 
4.91 0.039 0.061 0.001 0.000 0.000 
5.43 0.034 0.065 0.000 0.000 0.000 
5.87 0.030 0.055 0.000 0.806 2.547 
6.41 0.029 0.034 0.000 3.031 11.016 
6.96 0.026 0.038 0.002 4.834 18.245 
3.44 0.064 0.149 
ALfSOJ, 
0.069 0.010 0.048 
3.90 0.056 0.140 0.068 0.007 0.029 
4.46 0.056 0.131 0.074 0.007 0.019 
4.90 0.055 0.114 0.070 0.006 0.000 
5.50 0.053 0.096 0.063 0.004 0.000 
5.84 0.043 0.035 0.036 0.001 0.000 
6.35 0.021 0.000 0.006 0.001 0.711 -, -
6.80 0.022 0.000 0.007 0.002 3.263 
3.39 0.053 0.163 
In,(SO^ 
0.047 0.007 0.047 3.874 
3.79 0.051 0.154 0.057 0.005 0.025 1.865 
4.24 0.050 0.154 0.058 0.005 0.011 1.148 
4.46 0.046 0.136 0.055 0.004 0.000 0.179 
4.99 0.045 0.100 0.050 0.003 0.004 0.000 
5.50 0.030 0.027 0.012 0.000 0.143 5.005 
6.01 0.022 0.009 0.005 0.000 2.972 10.043 
6.58 0.018 0.009 0.011 0.001 3.832 13.630 
Table 25. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (Kg) values of sulfate and its counter-ion for Pershing soil. 
Sulfate and its counter-ion were added at equivalent concentrations . 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KdOf KdOf 
added pH* Initial Final EC  ^ r sulfate adsorbed metal adsorbed sulfate metal 
mM IiS m ^  mM mmoljli'^  mmolckgi mmoleL'^  mmoljkg"  ^
K,SO, 
0.00 4.85 6.16 5.99 2.0 0.3 0.05 -1.23 0.00 0.00 
0.25 5.29 6.02 6.16 5.5 0.7 0.48 0.40 0.20 7.61 0.83 38.9 
0.50 5.46 6.01 6.44 8.9 1.2 0.97 0.80 0.43 14.36 0.83 33.7 
1.00 5.55 6.02 6.11 15.9 2.1 1.93 1.84 1.05 23.71 0.96 22.5 
2.00 5.54 5.91 6.12 30.5 4.0 3.87 3.28 2.44 39.05 0.85 16.0 
3.00 5.54 5.91 6.13 43.9 5.7 5.82 4.48 3.73 56.76 0.77 15.2 
4.00 5.57 5.87 6.04 58.5 7.6 7.78 5.56 5.20 70.09 0.71 13.5 
6.00 5.58 5.84 6.00 84.6 11.0 11.71 7.22 8.71 82.18 0.62 9.4 
Cs,SO. 
0.00 5.21 6.28 6.19 2.8 0.4 0.02 -0.60 0.00 0.00 
0.25 5.56 6.11 6.17 6.0 0.8 0.48 0.60 0.01 12.35 1.26 1235.0 
0.50 5.51 6.06 6.07 9.4 1.2 0.95 1.20 0.03 24.25 1.26 808.3 
1.00 5.44 6.03 6.05 16.4 2.1 1.94 1.62 0.40 40.06 0.84 100.2 
2.00 5.36 5.98 6.01 30.0 3.9 3.89 2.82 1.42 64.51 0.73 45.4 
3.00 5.26 5.92 5.81 44.7 5.8 5.83 4.24 2.73 81.86 0.73 30.0 
4.00 5.16 5.77 5.59 57.5 7.5 7.74 6.46 4.46 88.56 0.83 19.9 
6.00 5.07 5.58 5.78 84.7 11.0 11.70 7.50 8.21 94.86 0.64 11.6 
(NH.),SO. 
0.00 4.80 6.16 6.37 5.5 0.7 0.03 
0.25 2.26 6.13 6.23 5.6 0.7 0.48 
0.50 5.29 6.12 6.24 11.8 1.5 0.97 
1.00 5.43 6.11 6.18 17.9 2.3 1.94 
2.00 5.44 6.02 6.18 33.3 4.3 3.88 
3.00 5.44 6.01 6.14 51.9 6.8 5.85 
4.00 5.45 5.97 6.07 60.9 7.9 7.76 
6.00 5.45 5.95 6.06 84.4 11.0 11.69 
CaSO^ 
0.00 4.90 5.98 5.98 2.0 0.3 0.05 
0.25 5.51 5.79 6.39 6.1 0.8 0.48 
0.50 5.70 5.86 6.04 8.5 1.1 0.95 
1.00 5.77 5.88 6.04 16.8 2.2 1.91 
2.00 5.86 5.87 5.95 25.6 3.3 3.81 
3.00 5.87 5.77 5.88 37.3 4.8 5.74 
4.00 5.90 5.74 5.94 45.9 6.0 7.68 
6.00 5.96 5.75 5.90 63.3 8.2 11.57 
MgSO, 
0.00 5.72 6.42 6.55 1.9 0.3 0.05 
0.25 5.76 5.96 6.33 5.7 0.7 0.48 
0.50 5.76 5.94 6.37 9.1 1.2 0.96 
1.00 5.77 5.93 6.23 14.2 1.8 1.93 
2.00 5.77 5.93 6.13 25.6 3.3 3.86 
3.00 5.82 5.85 6.04 34.9 4.5 5.80 
4.00 5.82 5.82 6.02 44.6 5.8 7.71 
6.00 5.76 5.80 5.99 60.9 7.9 11.63 
-0.74 0.00 0.00 
0.46 0.22 7.12 0.96 33.10 
0.74 0.52 11.98 0.76 23.00 
1.46 1.14 21.53 0.75 18.90 
2.96 2.66 33.56 0.76 12.63 
3.84 4.14 46.55 0.66 11.25 
6.02 5.63 59.21 0.78 10.51 
7.66 9.00 75.00 0.66 8.33 
-1.22 0.00 0.00 
0.60 0.42 2.04 1.26 4.9 
1.20 0.67 8.13 1.26 12.0 
2.22 1.26 18.40 1.16 14.6 
4.84 2.39 40.26 1.27 16.8 
6.52 3.82 54.45 1.14 14.2 
8.06 5.39 65.16 1.05 12.1 
10.68 8.27 93.19 0.92 11.3 
-1.19 0.00 0.00 
0.44 0.20 7.61 0.91 38.9 
0.88 0.47 13.24 0.91 28.2 
1.78 1.02 24.55 0.92 24.1 
3.50 2.39 40.22 0.91 16.8 
5.10 3.72 56.97 0.88 15.3 
7.17 5.07 73.33 0.93 14.5 
9.18 8.39 90.18 0.79 10.7 
Table 25. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KjOf KjOf 
added pH* Initial Final EC  ^ I": sulfate adsorbed metal adsorbed sulfate metal 
mM pS m ' mM mmolgL'i mmoljkg"  ^ mmoljj^  mmolckgi 
AL,(SO.), 
0.00 4.86 6.11 6.12 1.2 0.2 0.03 -0.80 0.00 0.00 
0.25 4.46 5.47 5.78 7.7 1.0 0.47 0.80 0;00 13.89 1.71 
0.50 4.49 5.24 5.56 9.0 1.2 0.93 1.80 0.00 30.56 1.94 
1.00 4.46 4.93 4.97 15.6 2.0 1.82 4.44 0.00 55.56 2.44 
2.00 4.38 4.51 4.51 30.3 3.9 3.71 7.20 0.00 104.17 1.94 
3.00 4.34 4.29 4.25 35.5 4.6 5.62 9.60 0.08 147.92 1.71 1773.7 
4.00 4.27 4.18 4.08 45.9 6.0 7.49 12.80 0.86 178.46 1.71 207.1 
6.00 4.14 4.05 3.94 64.5 8.4 11.31 17.20 3.45 213.83 1.52 62.0 
WSO.), 
0.00 5.67 6.16 6.21 2.0 0.3 0.04 -1.08 0.00 0.00 
0.25 3.86 5.51 6.26 5.1 0.7 0.46 0.90 0.00 12.50 1.94 
0.50 3.65 4.99 5.67 7.6 1.0 0.92 1.98 0.00 21.00 2.15 
1.00 3.39 4.37 4.92 13.1 1.7 1.81 4.64 0.00 50.00 2.56 
2.00 3.12 3.67 4.12 23.9 3.1 3.65 8.64 0.01 99.83 2.36 14401.5 
3.00 2.96 3.38 3.70 34.7 4.5 5.49 12.86 0.09 147.75 2.15 1639.6 
4.00 2.86 3.15 3.41 45.8 6.0 7.38 15.55 0.54 186.48 1.94 344.9 
6.00 2.73 2.96 3.13 62.2 8.1 11.14 21.42 2.77 230.68 1.73 83.2 
® pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 26. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for Rathbun soil. 
Sulfate and its counter-ion were added at equivalent concentrations 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KdOf K,of 
added pH* Initial Final EC  ^ I«: sulfate adsorbed metal adsorbed sulfate meta 
mM pS m  ^ mM mmolgL  ^mmolckg  ^ mmolgL'^  mmolckgi 
K,SO, 
0.00 4.85 4.79 5.03 0.8 0.1 0.00 0.00 0.00 0.00 
0.25 5.29 4.48 4.79 4.2 0.5 0.48 0.52 0.17 8.22 1.08 48.0 
0.50 5.46 4.55 4.71 7.5 1.0 0.98 0.62 0.42 14.44 0.64 34.2 
1.00 5.55 4.54 4.63 13.4 1.7 1.95 1.24 1.02 24.43 0.64 23.9 
2.00 5.54 4.51 4.56 28.5 3.7 3.87 3.30 2.42 39.46 0.85 16.3 
3.00 5.54 4.47 4.51 42.3 5.5 5.81 4.68 3.81 54.67 0.81 14.3 
4.00 5.57 4.46 4.48 56.9 7.4 7.77 5.78 5.43 64.23 0.74 11.8 
6.00 5.58 4.44 4.43 84.6 11.0 11.72 7.04 8.72 81.96 0.60 9.4 
CsoSOx 
0.00 5.21 4.88 4.77 2.4 0.3 0.01 -0.20 0.00 0.00 
0.25 5.56 4.44 4.44 6.2 0.8 0.47 0.80 0.01 12.32 1.71 1232.0 
0.50 5.51 4.36 4.35 9.5 1.2 0.94 1.42 0.03 24.15 1.51 805.0 
1.00 5.44 4.21 4.18 17.6 2.3 1.90 2.42 0.40 40.06 1.27 100.2 
2.00 5.36 4.12 4.05 30.0 3.9 3.84 4.06 1.28 68.06 1.06 53.2 
3.00 5.26 4.00 3.90 43.9 5.7 5.76 6.10 2.53 86.83 1.06 34.3 
4.00 5.16 3.95 3.85 57.5 7.5 7.74 6.50 3.92 102.04 0.84 26.0 
6.00 5.07 3.90 3.79 83.1 10.8 11.66 8.54 7.84 104.09 0.73 13.3 
(NHJoSO. 
0.00 4.80 4.88 5.04 1.0 0.1 0.01 
0.25 2.26 4.79 4.87 4.5 0.6 0.47 
0.50 5.29 4.74 4.80 8.5 1.1 0.96 
1.00 5.43 4.69 4.76 15.0 2.0 1.92 
2.00 5.44 4.60 4.67 29.6 3.9 3.87 
3.00 5.44 4.57 4.60 43.0 5.6 5.82 
4.00 5.45 4.52 4.56 56.8 7.4 7.75 
6.00 5.45 4.47 4.50 81.1 10.5 11.67 
CaSO, 
0.00 4.90 4.95 5.01 0.7 0.1 0.00 
0.25 5.51 4.57 6.69 4.1 0.5 0.47 
0.50 5.70 4.54 4.63 7.5 1.0 0.94 
1.00 5.77 4.50 4.55 13.9 1.8 1.90 
2.00 5.86 4.48 4.46 25.6 3.3 3.79 
3.00 5.87 4.44 4.42 35.5 4.6 5.73 
4.00 5.90 4.41 4.39 44.6 5.8 7.68 
6.00 5.96 4.38 4.35 62.0 8.1 11.61 
MRSO4 
0.00 5.72 4.94 5.48 1.1 0.1 0.00 
0.25 5.76 4.58 4.88 5.1 0.7 0.47 
0.50 5.76 4.53 4.75 7.5 1.0 0.95 
1.00 5.77 4.50 4.63 13.4 1.7 1.91 
2.00 5.77 4.44 4.50 24.3 3.2 3.84 
3.00 5.82 4.43 4.45 34.9 4.5 5.77 
4.00 5.82 4.42 4.39 43.8 5.7 7.70 
6.00 5.76 4.40 4.34 60.0 7.8 11.62 
-0.36 0.00 0.00 
0.64 0.23 6.81 1.35 29.88 
0.92 0.59 10.14 0.96 17.06 
2.00 1.36 16.00 1.04 11.76 
3.26 2.58 35.46 0.84 13.74 
4.38 4.35 41.17 0.75 9.46 
6.34 5.76 56.05 0.82 9.73 
8.22 8.97 75.69 0.70 8.44 
0.00 0.00 0.00 
0.80 0.28 5.51 1.71 19.7 
1.62 0.64 8.88 1.73 13.8 
2.62 1.23 19.32 1.38 15.7 
5.36 2.46 38.62 1.42 15.7 
6.64 3.95 51.24 1.16 13.0 
8.06 5.40 65.08 1.05 12.1 
9.68 8.23 94.15 0.83 11.4 
0.00 0.00 0.00 
0.79 0.06 10.95 1.69 177.1 
1.36 0.12 22.00 1.44 183.3 
2.32 0.60 34.95 1.22 58.0 
3.90 2.04 49.09 1.01 24.1 
5.70 3.65 58.74 0.99 16.1 
7.54 4.88 77.92 0.98 16.0 
9.61 8.09 97.76 0.83 12.1 
Table 26. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KdOf KjOf 
added pH* Initial Final EC  ^ 1*= sulfate adsorbed metal adsorbed sulfate metal 
mM pS m ' mM mmolJL"  ^mmolgkgi mmolcL'i mmolckgi 
A1,(S0.), 
0.00 4.86 4.84 4.90 0.7 0.1 0.00 0.00 0.00 0.00 
0.25 4.46 4.61 4.78 4.6 0.6 0.46 1.00 0.00 12.50 2.17 
0.50 4.49 4.49 4.58 9.4 1.2 0.94 1.62 0.00 25.69 1.73 
1.00 4.46 4.34 4.39 15.6 2.0 1.87 3.22 0.03 49.31 1.72 1773.7 
2.00 4.38 4.15 4.13 26.0 3.4 3.70 7.44 0.33 91.66 2.01 274.8 
3.00 4.34 4.09 3.98 38.5 5.0 5.63 9.30 1.20 120.12 1.65 100.5 
4.00 4.27 4.02 3.91 42.5 5.5 7.57 10.80 2.53 136.76 1.43 54.1 
6.00 4.14 3.93 3.81 53.7 7.0 11.50 12.40 5.25 168.65 1.08 32.1 
Ia.(SO 
0.00 5.67 4.88 4.89 1.2 0.2 0.01 -0.36 0.00 0.00 
0.25 3.86 4.35 4.70 4.6 0.6 0.48 0.62 0.00 6.51 1.30 
0.50 3.65 3.99 4.38 7.4 1.0 0.95 1.26 0.00 12.99 1.33 
1.00 3.39 3.64 3.96 13.9 1.8 1.78 5.40 0.01 49.65 3.03 3581.6 
2.00 3.12 3.27 3.50 27.9 3.6 3.61 9.72 0.17 95.84 2.69 576.1 
3.00 2.96 3.10 3.28 39.8 5.2 5.48 12.94 0.76 131.11 2.36 173.5 
4.00 2.86 2.95 3.13 50.2 6.5 7.37 15.86 1.77 155.81 2.15 88.1 
6.00 2.73 2.82 2.98 65.3 8.5 11.27 18.20 4.64 184.07 1.61 39.7 
^ pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 27. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for Osomo soil. 
Sulfate and its counter-ion were added at equivalent concentrations 
Initial 
sulfate 
added 
Standard 
pH* 
Equilibrium pH 
Initial Final EC"" I": 
Equilib 
-rium 
sulfate 
Sulfate 
adsorbed 
Equilib 
-rium 
metal 
Metal 
adsorbed 
Kdof 
sulfate 
Kdol 
meta 
mM pS m'^  mM mmolcL  ^mmolckgi mmolji'^  mmolckgi 
K,SO, 
0.00 4.85 4.99 5.27 9.1 1.2 0.03 -0.83 0.00 0.00 
0.25 5.29 4.97 5.26 11.8 1.5 0.40 2.58 0.37 3.27 6.50 8.8 
0.50 5.46 5.01 5.27 15.0 2.0 0.84 4.00 0.78 5.54 4.76 7.1 
1.00 5.55 5.05 5.26 22.0 2.9 1.75 6.26 1.19 20.19 3.58 16.9 
2.00 5.54 5.08 5.26 35.0 4.5 3.60 10.00 2.75 31.20 2.78 11.3 
3.00 5.54 5.10 5.25 48.8 6.3 5.50 12.50 4.33 41.87 2.27 9.7 
4.00 5.57 5.10 5.26 61.0 7.9 7.38 15.42 5.92 51.91 2.09 8.8 
6.00 5.58 5.11 5.25 87.8 11.4 11.20 20.00 9.34 66.58 1.79 7.1 
CsoSO  ^
0.00 5.21 5.11 5.19 8.6 1.1 0.02 -0.40 0.00 0.00 
0.25 5.56 5.09 5.16 11.6 1.5 0.35 3.64 0.03 11.73 10.27 391.0 
0.50 5.51 5.05 5.09 14.8 1.9 0.78 5.52 0.14 21.54 7.08 153.9 
1.00 5.44 5.03 5.03 22.0 2.9 1.68 7.88 0.91 27.29 4.68 30.0 
2.00 5.36 4.98 4.98 35.9 4.7 3.49 12.80 2.44 38.95 3.67 16.0 
3.00 5.26 4.96 4.98 49.5 6.4 5.40 15.00 4.09 47.78 2.78 11.7 
4.00 5.16 4.94 4.96 63.9 8.3 7.20 20.00 5.74 56.61 2.78 9.9 
6.00 5.07 4.92 4.92 86.3 11.2 10.99 25.20 8.97 75.69 2.29 8.4 
( N H X S O .  
0.00 4.80 5.15 5.30 10.6 1.4 0.03 
0.25 2.26 5.10 5.33 12.3 1.6 0.35 
0.50 5.29 5.19 5.33 15.8 2.1 0.78 
1.00 5.43 5.20 5.33 23.1 3.0 1.72 
2.00 5.44 5.16 5.32 36.5 4.7 3.57 
3.00 5.44 5.19 5.31 50.3 6.5 5.45 
4.00 5.45 5.17 5.31 64.1 8.3 7.36 
6.00 5.45 5.14 5.30 89.3 11.6 11.21 
CaSO, 
0.00 4.90 5.09 5.24 9.5 1.2 0.03 
0.25 5.51 5.06 5.22 12.1 1.6 0.35 
0.50 5.70 5.04 5.18 13.9 1.8 0.73 
1.00 5.77 5.00 5.14 20.8 2.7 1.60 
2.00 5.86 5.01 5.09 31.6 4.1 3.48 
3.00 5.87 4.99 5.05 41.2 5.4 5.32 
4.00 5.90 4.10 5.01 51.1 6.6 7.20 
6.00 5.96 4.93 4.99 69.3 9.0 11.01 
MgSO  ^
0.00 5.72 5.07 5.35 9.3 1.2 0.04 
0.25 5.76 5.03 5.28 13.8 1.8 0.39 
0.50 5.76 5.03 5.25 14.6 1.9 0.79 
1.00 5.77 5.03 5.23 19.9 2.6 1.68 
2.00 5.77 5.04 5.17 30.0 3.9 3.45 
3.00 5.82 5.04 5.13 38.1 5.0 5.35 
4.00 5.82 5.03 5.10 47.1 6.1 7.21 
6.00 5.76 5.01 5.08 62.9 8.2 11.00 
-0.74 0.00 0.00 
3.74 0.19 7.86 10.67 42.35 
5.54 0.57 10.87 7.12 19.23 
7.12 1.40 14.88 4.15 10.60 
10.68 3.06 23.44 2.99 7.65 
13.68 4.78 30.41 2.51 6.36 
16.06 6.47 38.34 2.18 5.93 
19.70 10.04 48.96 1.76 4.88 
-0.83 0.00 0.00 
3.74 0.37 3.27 10.67 8.9 
6.64 0.72 6.95 9.04 9.6 
9.88 1.26 18.62 6.16 14.8 
13.10 2.39 40.34 3.77 16.9 
16.94 3.81 54.70 3.18 14.3 
20.00 5.33 66.80 2.78 12.5 
24.84 8.17 95.87 2.26 11.7 
-1.08 0.00 0.00 
2.84 0.24 6.42 7.35 26.4 
5.16 0.48 13.07 6.50 27.4 
7.98 1.16 21.08 4.75 18.2 
13.76 2.71 32.17 3.99 11.9 
16.30 4.36 40.88 3.05 9.4 
19.72 5.95 51.29 2.73 8.6 
25.00 9.70 57.50 2.27 5.9 
Table 27. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KdOf K,of 
added pH* Initial Final EC  ^ I«: sulfate adsorbed metal adsorbed sulfate metal 
mM pS m"' mM mmol^ '^  mmolckg ' mmolgL ' mmolckg i 
A1,(S0J, 
0.00 4.86 5.11 5.33 9.1 1.2 0.03 -0.82 0.00 0.00 
0.25 4.46 4.91 5.21 13.0 1.7 0.30 4.92 0.00 13.19 16.23 
0.50 4.49 4.72 5.10 15.6 2.0 0.69 7.78 0.00 25.69 11.30 
1.00 4.46 4.50 4.91 20.8 2.7 1.38 15.60 0.00 50.69 11.34 
2.00 4.38 4.35 4.58 33.0 4.3 2.81 29.76 0.06 98.61 10.59 1773.7 
3.00 4.34 4.28 4.35 35.5 4.6 4.19 45.26 0.44 138.88 10.80 312.3 
4.00 4.27 4.23 4.20 41.6 5.4 5.82 54.54 1.14 171.51 9.37 150.5 
6.00 4.14 4.14 4.07 52.0 6.8 9.32 66.94 3.42 214.52 7.18 62.7 
Ino(SOJ, 
0.00 5.67 5.26 5.32 9.6 1.2 0.04 -1.08 0.00 0.00 
0.25 3.86 4.91 5.18 12.0 1.6 0.33 4.22 0.00 12.90 12.74 
0.50 3.65 4.48 5.06 13.9 1.8 0.67 8.28 0.00 25.00 12.38 
1.00 3.39 3.97 4.82 19.1 2.5 1.40 15.10 0.00 50.00 10.82 
2.00 3.12 3.83 4.46 27.1 3.5 2.83 29.20 0.00 100.00 10.31 
3.00 2.96 3.36 4.19 34.3 4.5 4.12 47.08 0.01 149.65 11.44 10794.9 
4.00 2.86 3.27 3.98 39.8 5.2 5.64 59.12 0.03 199.13 10.49 5745.6 
6.00 2.73 3.16 3.80 50.2 6.5 8.86 78.42 0.11 297.23 8.85 2680.0 
^ pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
^ I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 28. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for La Pinera soil. 
Sulfate and its counter-ion were added at equivalent concentrations 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal Kdof Kdoi 
added pH* Initial Final EC*' 1^= sulfate adsorbed metal adsorbed sulfate meta] 
mM pS m"  ^ mM mmolgL' mmoljkg'' mmolgL  ^mmolckgi 
K,SO, 
0.00 4.85 4.92 5.04 2.1 0.3 0.05 -1.20 0.00 0.00 
0.25 5.29 4.70 4.94 5.5 0.7 0.45 1.26 0.32 4.56 2.80 14.4 
0.50 5.46 4.81 4.99 8.5 1.1 0.86 3.40 0.72 7.10 3.94 9.9 
1.00 5.55 4.78 4.96 15.5 2.0 1.79 5.20 1.53 11.86 2.90 7.8 
2.00 5.54 4.75 4.92 31.7 4.1 3.68 8.00 3.09 22.87 2.17 7.4 
3.00 5.54 4.75 4.90 43.9 5.7 5.57 10.80 4.88 27.90 1.94 5.7 
4.00 5.57 4.74 4.89 56.9 7.4 7.49 12.80 6.60 35.11 1.71 5.3 
6.00 5.58 4.76 4.89 88.6 11.5 11.30 17.40 10.41 39.68 1.54 3.8 
CsoSO  ^
0.00 5.21 5.19 5.00 2.6 0.3 0.03 -0.80 0.00 0.00 -25.00 
0.25 5.56 4.74 4.71 6.9 0.9 0.36 3.44 0.05 11.23 9.49 224.6 
0.50 5.51 4.58 4.61 9.1 1.2 0.77 5.70 0.57 12.23 7.38 21.5 
1.00 5.44 4.56 4.60 20.8 2.7 1.64 9.06 1.42 14.51 5.53 10.2 
2.00 5.36 4.49 4.51 32.0 4.2 3.42 14.40 3.18 20.50 4.21 6.4 
3.00 5.26 4.47 4.48 47.9 6.2 5.33 16.80 4.97 25.78 3.15 5.2 
4.00 5.16 4.47 4.46 62.3 8.1 7.23 19.20 6.84 28.93 2.65 4.2 
6.00 5.07 4.50 4.51 89.1 11.6 11.04 24.00 10.68 33.10 2.17 3.1 
(NHJ,SO. 
0.00 4.80 5.01 5.06 2.1 0.3 0.04 
0.25 2.26 4.98 5.10 5.8 0.7 0.44 
0.50 5.29 4.98 5.10 8.5 1.1 0.88 
1.00 5.43 4.93 5.06 16.2 2.1 1.82 
2.00 5.44 4.87 5.01 30.8 4.0 3.66 
3.00 5.44 4.85 4.99 44.6 5.8 5.61 
4.00 5.45 4.84 4.97 56.8 7.4 7.53 
6.00 5.45 4.83 4.95 85.2 11.1 11.39 
CaSO, 
0.00 4.90 5.01 5.00 2.4 0.3 0.05 
0.25 5.51 4.65 4.78 5.0 0.7 0.34 
0.50 5.70 4.62 4.77 8.4 1.1 0.74 
1.00 5.77 4.64 4.75 13.7 1.8 1.58 
2.00 5.86 4.68 4.74 24.3 3.2 3.39 
3.00 5.87 4.68 4.72 33.8 4.4 5.23 
4.00 5.90 4.67 4.72 43.3 5.6 7.10 
6.00 5.96 4.67 4.64 63.3 8.2 10.85 
MrSO, 
0.00 5.72 5.05 5.26 2.6 0.3 0.04 
0.25 5.76 4.67 5.02 5.5 0.7 0.38 
0.50 5.76 4.67 4.93 7.3 0.9 0.78 
1.00 5.77 4.67 4.88 12.8 1.7 1.66 
2.00 5.77 4.68 4.84 22.3 2.9 3.45 
3.00 5.82 4.70 • 4.81 32.5 4.2 5.39 
4.00 5.82 4.70 4.80 40.6 5.3 7.25 
6.00 5.76 4.70 4.77 57.6 7.5 11.00 
-1.10 0.00 0.00 
1.56 0.40 2.51 3.56 6.28 
3.10 0.80 5.00 3.54 6.25 
4.38 1.70 7.50 2.40 4.41 
8.40 3.49 12.73 2.29 3.65 
9.86 5.38 15.54 1.76 2.89 
11.68 7.28 17.93 1.55 2.46 
15.32 11.02 24.60 1.35 2.23 
-1.20 0.00 0.00 
4.10 0.24 6.50 12.20 27.1 
6.40 0.63 9.25 8.60 14.7 
10.40 1.27 18.21 6.57 14.3 
15.20 2.60 35.12 4.48 13.5 
19.20 4.02 49.48 3.67 12.3 
22.40 5.54 61.59 3.15 111 
28.80 8.54 86.48 2.65 10.1 
-1.08 0.00 0.00 
3.08 0.26 6.00 8.17 23.1 
5.44 0.57 10.86 6.95 19.2 
8.60 1.44 13.94 5.19 9.7 
13.76 3.20 20.00 3.99 6.3 
15.22 5.12 22.10 2.82 4.3 
18.84 6.90 27.50 2.60 4.0 
25.00 10.60 34.96 2.27 3.3 
Table 28. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard 
EC  ^
-rium Sulfate -rium Metal Kdof Kdof 
added pH* Initial Final sulfate adsorbed metal adsorbed sulfate metal 
mM jiS m ^  mM mmolJL'^  mmolckg  ^ mmolJL'^  mmolckgi 
Al,(SOJo 
0.00 4.86 4.86 4.94 1.6 0.2 0.05 -1.24 0.00 0.00 
0.25 4.46 4.45 4.70 4.9 0.6 0.26 6.00 0.00 12.50 23.08 
0.50 4.49 4.38 4.47 6.4 0.8 0.54 11.58 0.11 22.22 21.57 199.8 
1.00 4.46 4.28 4.28 10.4 1.4 1.14 21.48 0.61 34.71 18.83 56.8 
2.00 4.38 4.21 4.15 18.2 2.4 2.70 32.42 2.03 49.27 11.99 24.3 
3.00 4.34 4.15 4.09 24.3 3.2 3.88 52.96 3.61 59.66 13.64 16.5 
4.00 4.27 4.11 4.04 30.3 3.9 5.67 58.14 5.03 74.21 10.25 14.7 
6.00 4.14 4.04 3.99 39.9 5.2 9.02 74.56 8.87 78.31 8.27 8.8 
In,(SOJ, 
0.00 5.67 5.07 5.07 2.5 0.3 0.06 -1.46 0.00 0.00 
0.25 3.86 4.30 4.65 4.2 0.5 0.33 4.28 0.00 12.50 13.02 
0.50 3.65 4.01 4.37 6.5 0.8 0.55 11.14 0.00 27.99 20.09 
1.00 3.39 3.78 4.11 10.4 1.3 1.12 21.90 0.01 55.83 19.48 8054.3 
2.00 3.12 3.39 3.88 17.5 2.3 2.57 35.76 0.03 99.13 13.92 2860.3 
3.00 2.96 3.24 3.73 23.9 3.1 4.05 48.72 0.15 146.36 12.03 1005.5 
4.00 2.86 3.11 3.61 31.1 4.0 5.69 57.66 0.40 189.95 10.13 472.5 
6.00 2.73 2.90 4.42 42.2 5.5 8.98 75.54 1.69 257.72 8.41 152.4 
® pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
^ I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 29. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for Pershing soil. 
The sulfate counter-ion (metal) was maintained at a constant concentration 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KdOf KdOf 
added pH* Initial Final EC  ^ 1": sulfate adsorbed metal adsorbed sulfate metal 
mM pS m ^  mM mmoljj"  ^mmolckgi mmolgL ' mmoljkg'^  
KoSO, 
0.00 5.41 5.76 6.01 63.3 8.2 0.02 -0.56 8.40 90.00 -25.00 10.7 
0.25 5.44 5.57 5.98 93.0 12.1 0.47 0.64 8.48 87.91 1.35 10.4 
0.50 5.53 5.66 5.81 91.8 11.9 0.95 1.22 8.44 89.09 1.28 10.6 
1.00 5.51 5.66 5.79 91.0 11.8 1.92 1.92 8.62 84.45 1.00 9.8 
2.00 5.53 5.67 5.79 88.6 11.5 3.87 3.28 8.33 91.65 0.85 11.0 
3.00 5.43 5.68 5.85 87.0 11.3 5.82 4.42 8.63 84.21 0.76 9.8 
4.00 5.59 5.69 5.87 85.5 11.1 7.78 5.52 8.56 86.00 0.71 10.0 
6.00 5.49 5.68 5.87 82.3 10.7 11.71 7.16 8.64 84.03 0.61 9.7 
CsoSO, 
0.00 5.54 5.68 5.89 95.2 12.4 0.03 -0.84 7.57 110.84 -25.00 14.6 
0.25 5.40 5.63 5.71 96.0 12.5 0.45 1.26 7.57 110.84 2.80 14.6 
0.50 5.41 5.60 5.78 95.2 12.4 0.93 1.66 7.57 110.84 1.78 14.6 
1.00 5.30 5.56 5.64 96.0 12.5 1.90 2.50 7.65 108.71 1.32 14.2 
2.00 5.25 5.61 5.73 95.2 12.4 3.86 3.43 7.78 105.53 0.89 13.6 
3.00 5.22 5.59 5.75 93.5 12.2 5.80 5.00 7.86 103.40 0.86 13.1 
4.00 5.19 5.62 7.78 93.5 12.2 7.73 6.66 7.95 101.28 0.86 12.7 
6.00 5.03 5.58 5.66 93.5 12.2 11.70 7.50 7.99 100.21 0.64 12.5 
CaSO. 
0.00 5.95 5.83 5.96 109.2 14.2 0.03 
0.25 5.96 5.57 5.68 108.4 14.1 0.44 
0.50 5.97 5.61 5.73 107.6 14.0 0.90 
1.00 5.97 5.60 5.87 107.6 14.0 1.87 
2.00 5.98 5.57 5.90 105.9 13.8 3.80 
3.00 5.98 5.64 5.87 99.3 12.9 5.73 
4.00 6.00 5.67 5.90 99.3 12.9 7.67 
6.00 6.06 5.74 5.88 86.9 11.3 11.56 
M^SO, 
0.00 5.72 5.67 5.79 76.8 10.0 0.01 
0.25 5.82 5.64 5.82 77.2 10.0 0.46 
0.50 5.64 5.61 5.91 77.6 10.1 0.93 
1.00 5.65 5.58 5.76 77.2 10.0 1.91 
2.00 5.27 5.55 5.77 74.8 9.7 3.81 
3.00 5.21 5.52 5.89 73.9 9.6 5.75 
4.00 4.90 5.47 5.74 68.3 8.9 7.66 
6.00 4.86 5.43 5.61 60.9 7.9 11.58 
-0.68 8.31 92.28 -25.00 11.1 
1.60 8.52 86.88 3.67 10.2 
2.40 8.44 88.97 2.65 10.5 
3.30 8.18 95.57 1.77 11.7 
5.00 8.11 97.14 1.32 12.0 
6.66 8.10 97.52 1.16 12.0 
8.20 8.24 94.00 1.07 11.4 
10.92 8.03 99.23 0.94 12.4 
-0.20 8.52 86.97 -25.00 10.2 
1.06 8.66 83.57 2.32 9.7 
1.64 8.72 81.88 1.76 9.4 
2.20 8.66 83.57 1.15 9.7 
4.68 8.72 81.88 1.23 9.4 
6.30 8.49 87.82 1.10 10.3 
8.42 8.72 81.88 1.10 9.4 
10.52 8.45 88.67 0.91 10.5 
Table 29. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal K^of KdOf 
added pH* Initial Final EC  ^ I": sulfate adsorbed metal adsorbed sulfate metal 
mM pS m"  ^ mM mmolji'^  mmoljkgi mmolcL  ^mmolgkg  ^
A1,(S0.), 
0.00 4.00 3.79 3.89 92.0 12.0 0.03 -0.66 3.58 210.43 -25.00 58.7 
0.25 4.00 3.80 3.72 92.8 12.1 0.41 2.28 3.83 204.25 5.58 53.3 
0.50 4.00 3.79 3.70 89.3 11.6 0.85 3.66 3.95 201.16 4.29 50.9 
1.00 3.94 3.79 3.75 84.0 10.9 1.71 7.34 3.58 210.43 4.30 58.7 
2.00 4.00 3.82 3.77 79.6 10.3 3.59 10.22 3.95 201.16 2.85 50.9 
3.00 4.01 3.86 3.76 73.4 9.5 5.44 14.00 3.95 201.16 2.57 50.9 
4.00 4.03 3.90 3.80 67.2 8.7 7.39 15.30 3.83 204.25 2.07 53.3 
6.00 4.07 3.95 3.83 60.1 7.8 11.31 17.34 3.83 204.25 1.53 53.3 
In,(SOJo 
0.00 2.56 2.80 2.98 120.0 15.6 0.03 -0.72 6.12 146.97 -25.00 24.0 
0.25 2.57 2.81 2.98 117.9 15.3 0.36 3.60 5.85 153.63 10.11 26.2 
0.50 2.57 2.82 3.02 111.7 14.5 0.76 6.00 5.42 164.46 7.89 30.3 
1.00 2.58 2.83 3.03 110.9 14.4 1.62 9.62 5.10 172.47 5.96 33.8 
2.00 2.58 2.87 3.05 107.6 14.0 3.38 15.38 4.85 178.65 4.54 36.8 
3.00 2.59 2.91 3.07 89.4 11.6 5.27 18.22 4.68 183.03 3.89 39.1 
4.00 2.59 2.95 3.09 78.6 10.2 7.20 20.10 4.25 193.77 3.11 45.6 
6.00 2.61 3.01 3.12 67.0 8.7 11.12 22.12 3.92 202.02 2.37 51.5 
® pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 30. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (Kg) values of sulfate and its counter-ion for Rathbun soil. 
The sulfate counter-ion (metal) was maintained at a constant concentration 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal Kg of Kg of 
added pH  ^ Initial Final EC  ^ I*  ^ sulfate adsorbed metal adsorbed sulfate metal 
mM pS m ^  mM mmolJL"' mmolckgi mmolcL'i mmolgkgi 
K,SO, 
0.00 5.41 4.25 4.26 64.1 8.3 0.00 0.00 8.58 85.56 10.0 
0.25 5.44 4.22 4.20 90.2 11.7 0.45 1.20 8.72 82.02 2.65 9.4 
0.50 5.53 4.25 4.21 91.8 11.9 0.94 1.42 8.44 89.12 1.51 10.6 
1.00 5.51 4.27 4.22 90.2 11.7 1.93 1.84 8.27 93.14 0.96 11.3 
2.00 5.53 4.29 4.24 87.0 11.3 3.85 3.68 8.47 88.34 0.96 10.4 
3.00 5.43 4.30 4.26 87.0 11.3 5.82 4.42 8.75 81.21 0.76 9.3 
4.00 5.59 4.29 4.27 86.6 11.3 7.78 5.52 8.66 83.39 0.71 9.6 
6.00 5.49 4.32 4.30 82.3 10.7 11.72 7.05 8.72 82.03 0.60 9.4 
CsoSO  ^
0.00 5.54 3.99 3.85 96.0 12.5 0.03 -0.64 7.48 112.97 15.1 
0.25 5.40 3.99 3.84 96.0 12.5 0.44 1.58 7.31 117.22 3.62 16.0 
0.50 5.41 4.03 3.87 95.2 12.4 0.93 1.78 7.40 115.09 1.92 15.6 
1.00 5.30 4.03 3.87 94.3 12.3 1.90 2.60 7.40 115.09 1.37 15.6 
2.00 5.25 4.03 3.89 93.5 12.2 3.85 3.86 7.35 116.15 1.00 15.8 
3.00 5.22 4.05 3.90 92.7 12.0 5.80 5.04 7.35 116.15 0.87 15.8 
4.00 5.19 4.05 3.92 91.4 11.9 7.73 6.72 7.40 115.09 0.87 15.6 
6.00 5.03 4.07 3.94 93.5 12.2 11.70 7.56 7.48 112.97 0.65 15.1 
CaSO. 
0.00 5.95 4.14 4.18 108.4 14.1 0.00 
0.25 5.96 4.16 4.19 108.4 14.1 0.44 
0.50 5.97 4.17 4.20 107.6 14.0 0.93 
1.00 5.97 4.18 4.21 105.9 13.8 1.88 
2.00 5.98 4.20 4.24 103.4 13.4 3.77 
3.00 5.98 4.22 4.25 99.3 12.9 5.69 
4.00 6.00 4.24 4.27 95.2 12.4 7.65 
6.00 6.06 4.27 4.31 80.3 10.4 11.55 
MgS04 
0.00 5.72 4.16 4.17 76.4 9.9 0.00 
0.25 5.82 4.17 4.17 78.0 10.1 0.44 
0.50 5.64 4.19 4.16 77.2 10.0 0.92 
1.00 5.65 4.18 4.17 76.4 9.9 1.87 
2.00 5.27 4.19 4.17 74.8 9.7 3.81 
3.00 5.21 4.21 4.17 71.5 9.3 5.75 
4.00 4.90 4.22 4.21 66.6 8.7 7.68 
6.00 4.86 4.25 4.23 59.3 7.7 11.62 
0.00 8.23 94.29 11.5 
1.60 8.52 86.88 3.67 10.2 
1.82 8.48 87.92 1.96 10.4 
2.92 8.22 94.52 1.55 11.5 
5.72 7.99 100.36 1.52 12.6 
7.78 7.84 104.00 1.37 13.3 
8.80 7.76 106.00 1.15 13.7 
11.24 7.68 108.00 0.97 14.1 
0.00 8.79 80.18 9.1 
1.52 9.03 74.24 3.46 8.2 
1.88 8.86 78.48 2.03 8.9 
3.28 8.83 79.33 1.76 9.0 
4.68 8.39 90.36 1.23 10.8 
6.30 8.15 96.30 1.10 11.8 
8.02 8.15 96.30 1.04 11.8 
9.62 8.08 98.00 0.83 12.1 
Table 30. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KjOf Kaof 
added pH* Initial Final EC  ^ 1*= sulfate adsorbed metal adsorbed sulfate metal 
mM pS m ^  mM mmolcL^ mmolckgi mmolji"' mmolckgi 
A1,(S0J, 
0.00 4.00 3.67 3.49 92.8 12.1 0.00 0.00 6.18 145.56 23.6 
0.25 4.00 3.69 3.50 92.8 12.1 0.37 3.16 6.18 145.56 8.46 23.6 
0.50 4.00 3.70 3.51 88.0 11.4 0.82 4.56 5.93 151.74 5.58 25.6 
1.00 3.94 3.71 3.51 83.6 10.9 1.72 6.88 5.93 151.74 3.99 25.6 
2.00 4.00 3.75 3.56 77.4 10.1 3.54 11.56 5.93 151.74 3.27 25.6 
3.00 4.01 3.80 3.61 70.7 9.2 5.44 14.00 5.81 154.83 2.57 26.7 
4.00 4.03 3.84 3.65 63.7 8.3 7.36 16.00 5.93 151.74 2.17 25.6 
6.00 4.07 3.89 3.69 54.8 7.1 11.31 17.34 5.81 154.83 1.53 26.7 
In,(SO^)q 
0.00 2.56 2.70 2.84 124.1 16.1 0.00 0.00 6.93 126.66 18.3 
0.25 2.57 2.70 2.84 124.1 16.1 0.36 3.60 6.86 128.61 10.11 18.8 
0.50 2.57 2.71 2.88 120.0 15.6 0.77 5.78 6.83 129.33 7.52 18.9 
1.00 2.58 2.72 2.90 114.2 14.8 1.67 8.18 6.78 130.59 4.89 19.3 
2.00 2.58 2.74 2.92 105.9 13.8 3.46 13.46 6.61 134.82 3.89 20.4 
3.00 2.59 2.72 2.96 96.0 12.5 5.34 16.58 6.59 135.27 3.11 20.5 
4.00 2.59 2.72 3.00 87.7 11.4 7.23 19.24 6.57 135.87 2.66 20.7 
6.00 2.61 2.71 3.10 71.2 9.2 11.19 20.20 6.48 138.03 1.80 21.3 
® pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 31. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for Osomo soil. 
The sulfate counter-ion (metal) was maintained at a constant concentration 
Initial 
sulfate 
added 
Standard 
pH* 
Equilibrium pH 
Initial Final EC*  ^
Equilib 
-rium 
sulfate 
Sulfate 
adsorbed 
Equilib 
-rium 
metal 
Metal 
adsorbed 
Kdof 
sulfate 
Kdof 
meta] 
mM pS m ^  mM mmolcL^ mmolckgi mmoljj'^  mmolçkg"  ^
KfSO; 
0.00 5.41 4.87 5.01 65.7 8.5 0.02 -0.56 9.94 51.51 -25.00 5.2 
0.25 5.44 4.88 4.98 102.1 13.3 0.33 4.30 9.83 54.23 13.11 5.5 
0.50 5.53 4.90 5.01 98.1 12.8 0.76 5.94 9.85 53.67 7.79 5.4 
1.00 5.51 4.91 5.02 96.5 12.5 1.70 7.62 10.00 49.91 4.50 5.0 
2.00 5.53 4.94 5.05 95.7 12.4 3.57 10.74 9.92 51.96 3.01 5.2 
3.00 5.43 4.96 5.08 94.6 12.3 5.46 13.44 10.19 52.90 2.46 5.2 
4.00 5.59 4.99 5.09 90.2 11.7 7.38 15.52 10.13 50.20 2.10 5.0 
6.00 5.49 5.02 5.13 88.2 11.5 11.21 19.86 10.00 50.12 1.77 5.0 
CsoSO. 
0.00 5.54 4.83 4.99 106.0 13.8 0.01 -0.22 10.00 49.99 -25.00 5.0 
0.25 5.40 4.86 4.90 104.3 13.6 0.30 4.94 9.43 64.28 16.34 6.8 
0.50 5.41 4.87 4.88 104.3 13.6 0.71 7.14 9.44 63.88 9.99 6.8 
1.00 5.30 4.90 4.93 102.7 13.3 1.63 9.24 9.43 64.22 5.67 6.8 
2.00 5.25 4.93 4.98 101.8 13.2 3.50 12.60 9.46 63.44 3.60 6.7 
3.00 5.22 4.94 4.99 101.0 13.1 5.34 16.38 9.59 60.33 3.06 6.3 
4.00 5.19 4.96 5.00 101.0 13.1 7.23 19.32 9.59 60.24 2.67 6.3 
6.00 5.03 4.95 5.01 100.6 13.1 11.07 23.22 9.52 62.09 2.10 6.5 
CaSO. 
0.00 5.95 4.66 4.73 124.1 16.1 0.00 
0.25 5.96 4.70 4.77 122.5 15.9 0.27 
0.50 5.97 4.71 4.78 120.0 15.6 0.62 
1.00 5.97 4.74 4.80 113.8 14.8 1.44 
2.00 5.98 4.77 4.84 103.4 13.4 3.27 
3.00 5.98 4.80 4.86 91.0 11.8 5.07 
4.00 6.00 4.83 4.89 84.4 11.0 6.98 
6.00 6.06 4.88 4.95 82.7 10.8 10.75 
MgSO, 
0.00 5.72 4.76 4.84 84.5 11.0 0.00 
0.25 5.82 4.83 4.87 84.5 11.0 0.31 
0.50 5.64 4.81 4.87 84.5 11.0 0.69 
1.00 5.65 4.79 4.87 82.1 10.7 1.57 
2.00 5.27 4.80 4.86 78.8 10.2 3.39 
3.00 5.21 4.80 4.85 73.9 9.6 5.27 
4.00 4.90 4.80 4.85 70.7 9.2 7.10 
6.00 4.86 4.80 4.84 63.4 8.2 10.99 
0.00 8.95 76.17 8.5 
5.68 9.19 70.23 20.82 7.6 
9.54 9.11 72.31 15.43 7.9 
13.88 8.94 76.59 9.61 8.6 
18.18 8.63 84.27 5.55 9.8 
23.18 8.68 82.88 4.57 9.5 
25.46 8.24 94.00 3.65 11.4 
31.36 8.04 98.94 2.92 12.3 
0.00 9.17 70.84 7.7 
4.80 9.74 56.41 15.58 5.8 
7.64 9.47 63.20 11.00 6.7 
10.74 9.51 62.35 6.84 6.6 
15.36 8.86 78.48 4.54 8.9 
18.22 8.49 87.82 3.46 10.3 
22.42 8.42 89.51 3.16 10.6 
25.24 8.28 92.91 2.30 11.2 
Table 31. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal KjOf KdOf 
added pH* Initial Final EC  ^ I*: sulfate adsorbed metal adsorbed sulfate metal 
mM pS m'l mM mmolcL  ^mmolckg'^  mmolgL'i mmolckgi 
A1,(S0J, 
0.00 4.00 3.95 3.75 95.5 12.4 0.01 -0.22 6.05 148.65 -25.00 24.6 
0.25 4.00 3.95 3.76 93.7 12.2 0.07 10.72 5.93 151.74 150.56 25.6 
0.50 4.00 3.96 3.76 91.1 11.8 0.33 16.74 6.05 148.65 50.67 24.6 
1.00 3.94 3.95 3.76 86.7 11.3 0.73 31.80 5.81 154.83 43.68 26.7 
2.00 4.00 3.97 3.77 78.7 10.2 2.14 46.42 5.56 161.01 21.66 29.0 
3.00 4.01 4.00 3.81 70.7 9.2 3.75 56.26 5.19 170.27 15.00 32.8 
4.00 4.03 4.04 3.85 62.8 8.2 5.42 64.50 4.94 176.45 11.90 35.7 
6.00 4.07 4.09 3.87 53.1 6.9 9.16 71.00 4.94 176.45 7.75 35.7 
Ino(SOJ, 
0.00 2.56 2.88 3.55 122.5 15.9 0.00 0.00 1.68 258.06 153.8 
0.25 2.57 2.88 3.55 122.5 15.9 0.06 11.06 1.25 268.71 192.01 214.7 
0.50 2.57 2.93 3.57 109.2 14.2 0.15 21.16 1.08 273.00 137.76 252.8 
1.00 2.58 2.99 3.60 105.1 13.7 0.57 35.82 0.89 277.74 63.15 311.9 
2.00 2.58 2.98 3.67 92.7 12.0 1.73 56.74 0.80 279.99 32.79 349.8 
3.00 2.59 3.06 3.70 81.1 10.5 3.17 70.68 0.54 286.41 22.28 526.9 
4.Û0 2.59 3.09 3.73 69.5 9.0 4.85 78.84 0.29 292.83 16.27 1021.0 
6.00 2.61 3.15 3.77 53.0 6.9 8.48 87.98 0.12 297.10 10.37 2558.5 
^ pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
Table 32. Sulfate and its counter-ion adsorption data, initial and final pH, electrical conductivity, estimated ionic 
strength, and distribution coefficient (K^) values of sulfate and its counter-ion for La Pinera soil. 
The sulfate counter-ion (metal) was maintained at a constant concentration 
Initial 
sulfate 
added 
Standard 
pH* 
Equilibrium pH 
Initial Final EC  ^ 1^= 
Equilib 
-rium 
sulfate 
Sulfate 
adsorbed 
Equilib 
-rium 
metal 
Metal 
adsorbed 
Kdof 
sulfate 
Kdol 
metal 
mM pS m ^  mM mmoljL'^  mmolekg' mmolgL'i mmolckgi 
K,SO, 
0.00 5.41 4.38 4.46 65.7 8.5 0.02 -0.56 10.37 40.80 -25.00 3.9 
0.25 5.44 4.43 4.51 94.6 12.3 0.31 4.74 10.40 40.12 15.27 3.9 
0.50 5.53 4.48 4.55 92.6 12.0 0.76 6.08 10.45 38.80 8.03 3.7 
1.00 5.51 4.51 4.60 89.4 11.6 1.70 7.62 10.38 40.48 4.50 3.9 
2.00 5.53 4.56 4.68 87.0 11.3 3.57 10.74 10.32 42.04 3.01 4.1 
3.00 5.43 4.59 4.71 86.2 11.2 5.51 12.28 10.43 39.25 2.23 3.8 
4.00 5.59 4.64 4.74 85.5 11.1 7.41 14.70 10.44 39.03 1.98 3.7 
6.00 5.49 4.68 4.78 83.1 10.8 11.25 18.64 10.55 36.25 1.66^ 3.4 
Cs,SO. 
0.00 5.54 4.30 4.24 97.7 12.7 0.02 -0.42 10.16 46.02 -25.00 4.5 
0.25 5.40 4.36 4.31 98.5 12.8 0.26 5.98 9.99 50.27 22.93 5.0 
0.50 5.41 4.39 4.35 98.5 12.8 0.66 8.62 9.95 51.33 13.16 5.2 
1.00 5.30 4.43 4.39 98.1 12.8 1.55 11.34 9.95 51.33 7.33 5.2 
2.00 5.25 4.51 4.46 98.9 12.9 3.40 15.12 10.12 47.08 4.45 4.7 
3.00 5.22 4.51 4.49 98.5 12.8 5.29 17.64 10.16 46.02 3.33 4.5 
4.00 5.19 4.51 4.55 99.3 12.9 7.19 20.16 10.16 46.02 2.80 4.5 
6.00 5.03 4.61 4.59 99.8 13.0 10.99 25.22 10.24 43.89 2.29 4.3 
CaSO. 
0.00 5.95 4.35 4.46 115.8 15.1 0.02 
0.25 5.96 4.40 4.51 111.7 14.5 0.29 
0.50 5.97 4.41 4.55 111.7 14.5 0.67 
1.00 5.97 4.43 4.60 114.2 14.8 1.50 
2.00 5.98 4.47 4.68 97.6 12.7 3.31 
3.00 5.98 4.51 4.71 87.0 11.3 5.18 
4.00 6.00 4.55 4.74 78.6 10.2 7.08 
6.00 6.06 4.61 4.78 78.6 10.2 10.92 
MRSO, 
0.00 5.72 4.36 4.41 77.2 10.0 0.02 
0.25 5.82 4.38 4.45 78.0 10.1 0.31 
0.50 5.64 4.42 4.50 77.2 10.0 0.71 
1.00 5.65 4.45 4.53 74.8 9.7 1.57 
2.00 5.27 4.47 4.54 71.5 9.3 3.45 
3.00 5.21 4.49 4.56 67.4 8.8 5.33 
4.00 4.90 4.50 4.57 63.4 8.2 7.22 
6.00 4.86 4.51 4.59 56.9 7.4 11.05 
-0.56 8.83 79.19 -25.00 9.0 
5.22 8.94 76.47 17.93 8.6 
8.18 8.98 75.43 12.16 8.4 
12.52 8.85 78.70 8.35 8.9 
17.28 8.37 90.70 5.22 10.8 
20.46 8.30 92.56 3.95 11.2 
23.02 8.28 92.92 3.25 11.2 
27.10 8.21 94.74 2.48 11.5 
-0.56 10.25 43.68 -25.00 4.3 
4.80 10.52 36.89 15.58 3.5 
7.20 10.49 37.74 10.11 3.6 
10.74 10.32 41.98 6.84 4.1 
13.76 9.71 57.26 3.99 5.9 
16.82 8.69 82.72 3.16 9.5 
19.62 8.2â 94.61 2.72 11.5 
23.84 7.98 100.55 2.16 12.6 
Table 32. (Continued) 
Initial Equilibrium pH Equilib Equilib 
sulfate Standard -rium Sulfate -rium Metal Kdof Kdof 
added pH* Initial Final EC  ^ I': sulfate adsorbed metal adsorbed sulfate metal 
mM |iS m ^  mM nunolgL^ mmolckgi mmolji"' mmoljkg'^  
A1,(S0.), 
0.00 4.00 3.85 3.72 86.7 11.3 0.02 -0.44 10.13 46.73 -25.00 4.6 
0.25 4.00 3.87 3.71 84.9 11.0 0.15 8.70 9.88 52.90 57.24 5.4 
0.50 4.00 3.88 3.72 79.6 10.3 0.39 15.18 9.64 59.08 38.65 6.1 
1.00 3.94 3.87 3.72 76.9 10.0 1.05 23.76 9.51 62.17 22.64 6.5 
2.00 4.00 3.90 3.74 68.1 8.9 2.64 33.92 9.27 68.35 12.83 7.4 
3.00 4.01 3.93 3.77 60.1 7.8 3.90 52.52 9.14 71.44 13.47 7.8 
4.00 4.03 3.96 3.81 53.1 6.9 5.67 58.16 9.02 74.52 10.25 8.3 
6.00 4.07 3.98 3.86 42.4 5.5 9.02 74.44 8.77 80.70 8.25 9.2 
In,(SOJ, 
0.00 2.56 2.77 3.24 99.3 12.9 0.03 -0.72 3.37 215.70 -25.00 64.0 
0.25 2.57 2.77 3.27 97.6 12.7 0.10 10.10 3.13 221.67 105.21 70.7 
0.50 2.57 2.78 3.28 95.2 12.4 0.25 18.76 2.83 229.32 75.16 81.1 
1.00 2.58 2.83 3.32 91.0 11.8 0.75 31.26 2.49 237.75 41.70 95.5 
2.00 2.58 2.84 3.32 80.3 10.4 2.08 48.08 2.34 241.62 23.15 103.5 
3.00 2.59 2.87 3.33 70.3 9.1 3.69 57.70 2.27 243.24 15.63 107.1 
4.00 2.59 2.93 3.34 60.4 7.9 5.18 70.54 2.16 246.00 13.62 113.9 
6.00 2.61 2.99 3.36 43.0 5.6 8.77 80.70 2.00 250.11 9.20 125.3 
^ pH values of the sulfate solutions of various concentrations. 
^ EC, indicates electrical conductivity. 
I, indicates ionic strength, estimated from (0.013) x (EC). 
